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ABSTRACT 
FIELD PORTABLE METHODS FOR THE DETERMINATION OF ARSENIC 
IN ENVIRONMENTAL SAMPLES 
JAMES K. KEARNS, B.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Julian F. Tyson 
Arsenic contamination of the environment is a worldwide health hazard.  This 
research project focused on four areas: development and testing of low cost, field 
portable devices capable of measuring levels of arsenic at 10 µg L-1 or less; specific 
chemical techniques for such testing; creation of educational tools and techniques to 
allow operators who lack advanced chemistry training to perform accurate testing; and 
the determination and use of a biomarker in DNA as a cancer predictor in individuals 
exposed to environmental arsenic. 
The analytical techniques explored include: (1) the Gutzeit method of arsenic 
determination though arsine gas production, which was investigated in three experiments: 
measuring arsenic levels in soil samples, using Gutzeit-based kits using silver nitrate as a 
reactant for arsine gas, and sensitivity comparison of three commercial test kits over 
varying time periods up to twenty-four hours.  (2) The molybdenum blue method, 
technologically quantified through three different experiments: digital photographic 
analysis, spectroscopic analysis, and flow injection. (3) Filtration of arsenic contaminated 
water with wood-ash, sand, ferric oxide, and commercially available steel wool; and the 
construction of a filtering device constructed of recyclable discarded soda bottles.  
vii 
Further, single nucleotide polymorphisms in the DNA of arsenic exposed individuals 
were studied to determine what immune response genes might be implicated in arsenic 
susceptibility. 
The major conclusions of this research were: digital image analysis used with the 
Gutzeit method improves precision and accuracy; silver nitrate proved to be a better 
measurement tool at low concentrations of arsenic than mercuric bromide; and the 
Gutzeit method can be applied to soils in the Hach kit. 
viii 
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CHAPTER 1 
INTRODUCTION 
1.1 Field Portable Methods For the Determination of Arsenic in Environmental 
Samples     
Arsenic is the twentieth most abundant element in the earth’s crust and the fourteenth 
most abundant element in seawater.1  Both inorganic and organic forms of arsenic occur 
naturally and are also introduced through anthropogenic processes such as pesticide 
production and mining.2, 3  Biomethylation by microorganisms in soil, water, and 
sediment produce naturally occurring organic arsenic. Manmade organic arsenic 
compounds, specifically, cacodylic acid, disodium methylarsenate, and monosodium 
methylarsenate, pesticides used principally on cotton,4 are large contributors to arsenic 
contamination.  During most of the twentieth century, chromated copper arsenate was 
used as a wood preservative and is still used today in certain applications.1  
Arsenic exists in many forms and these compounds can be divided into two major 
categories: inorganic and organic.  The inorganic species include As(V) and As(III). The 
organic compounds most commonly encountered are monomethyl arsenate (MMA) and 
dimethyl arsenate (DMA).4 Arsenate is the most common form found in environmental 
pH conditions.5 In the environment, As(V) is the predominant species.  In contaminated 
soils, the major species is inorganic arsenate.6  
Arsenic is a known carcinogen and is toxic to humans even in minute quantities.7   It  
has been detected in drinking water in the United States and abroad.1,8 There are two 
main hypotheses about how arsenic becomes mobile in groundwater.  According to the 
oxidation hypothesis: when aquifer water levels decrease, either from pumping or from 
natural changes in river levels, exposed iron arsenide is oxidized and arsenate is released.  
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In the reduction hypothesis, microorganisms metabolize arsenic-contaminated organic 
matter (with FeOOH as the oxygen source), break the bonds and attach iron to arsenic, 
releasing arsenic into the environment.4  
Millions of people worldwide became exposed to arsenic when, in an effort to avoid 
bacterial and viral diseases such as cholera, hepatitis, and typhoid, they began drinking 
well water rather than ground water.  Over 100 million villagers in Bangladesh, West 
Bengal, China, Vietnam and several other South Asian countries, drink and cook with 
water drawn from shallow wells potentially containing significant levels of arsenic.9  
 Arsenic-based compounds have been used to cure ailments for hundreds of years.  
Arsphenamine (also known as compound 606 and Salvarsan) was used in the early 
twentieth century as a syphilis treatment,10 and arsenic trioxide is presently used to 
manage acute promyelocytic leukemia.11  Chronic exposure to arsenic in drinking water, 
however, can lead to a host of health problems including “skin lesions, disturbances of 
the peripheral nervous system, anemia and leucopenia, liver damage, circulatory disease, 
and cancer.”12   An improperly labeled “tube well,” where a pipe is pressed into the 
ground to access water, can lead to a community-wide outbreak of skin lesions, keratosis, 
and dispigmentation.4 
In the year 2000, the World Health Organization reported, “The contamination of 
groundwater by arsenic in Bangladesh is the largest poisoning13 of a population in 
history.” In China, Bangladesh and India it is estimated that tens of millions of people 
have been exposed to harmful concentrations of arsenic in drinking water since the 
1980’s.12 The devastating impact of the well documented chronic exposure has been 
linked to cancer of the skin, lungs, bladder, kidney, and liver, as well as diabetes mellitus, 
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hypertension, and cardiovascular disease.14,15 
In response to these challenges, maximum allowable exposure levels were 
established to create standards to protect human health. The World Health Organization 
has established a “provisional guideline value” for arsenic in drinking water at no more 
than 10 µg L-1.13   On January 22, 2001, the United States EPA adopted a maximum 
contaminant level of 10 µg L-1 of arsenic in drinking water: a value officially enforced 
starting January, 2006.16,17  
 Arsenic’s toxicity and widespread environmental distribution have created an urgent 
need for on-site analysis of soil and water both here and abroad.13 ,16   Because levels of 
contamination of drinking water can vary greatly within a small geographical area, two 
wells dug half a mile apart may have very different arsenic concentrations. 
There are a number of field portable, and potentially field portable techniques for 
detecting arsenic. Portable X-ray fluorescence spectrometry, requiring a sealed sample of 
109Cd radioisotope, and is accurate; the technique requires dry samples.  Although recent 
research has found a way to use XRF on aqueous solutions, the technique presently lacks 
adequate sensitivity.12. 
Texas Instruments is developing a pocket-sized, plasmon resonance detector chip 
capable of detecting arsenic concentrations as low as 20 µg L-1 18.  Arsenic can be 
detected by examining certain enzymes or proteins an organism or cell produces after 
exposure.  By coupling such cell-generated detoxifying substances with a color changing 
or fluorescing microbe, arsenic levels can be assessed through the strength of the cellular 
reaction.  Unfortunately, this method is still too new to produce accurate results and 
currently requires a lengthy incubation time. 12  
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Arsenic concentrations can be determined by anodic stripping voltammetry (ASV).  
Here, electrolysis is used to deposit arsenic ions from an aqueous sample to a gold plated 
electrode.  The potential is reversed and then scanned until the arsenic is stripped from 
the anode, returning to solution. The current required to do this provides a quantification 
of the amount of arsenic present.  Unfortunately, this form of assay can only test for 
arsenic that is present as free ions in solution and not those bound up in compounds or 
precipitates.  The method has another drawback: arsenate ions must be reduced to 
arsenite ions.  Accuracy can further suffer if various ions present in the solution interfere 
positively or negatively with the reaction. 1  
There are also many laboratory-based methods for the measurement of arsenic which 
provide a range of detection sensitivities.  These include atomic fluorescence 
spectrometry19 (AFS), graphite furnace atomic absorption spectrometry20 (GFAAS), 
hydride generation atomic absorption spectrometry 21 (HGAAS), inductively coupled 
plasma atomic emission spectrometry 22  (ICP-AES), and inductively coupled plasma 
mass spectrometry 23  (ICP-MS). The detection limits are listed in Table 1.1 
Table 1.1 Laboratory techniques and detection limits for arsenic by 
commercially available spectrometry techniques µg L-1 24  
     FAAS  HG-FAFS  HG-AAS    ETAAS   ICP-OES   ICP-MS 
150      0.01      0.03 0.05         2    0.0006 
Despite the potential accuracy of some of these instruments, they are costly and 
require a trained technician to operate and maintain the equipment, making them 
impractical in places such as Bangladesh.  In fact, an inter-laboratory survey of seventeen 
Bangladeshi laboratories using such equipment revealed that “less than one third of the 
participating laboratories were within 20% of expected values.”1 This demonstrates that 
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even the best laboratory equipment can be inaccurate when operated improperly.  Some 
techniques are impractical for use in countries such as Bangladesh.   The speciation of 
arsenic is expensive, usually requiring samples to be preserved by storage at cold 
temperatures and shipped to distant locations for accurate analysis.  This lengthens the 
analysis and report timeline.25   Clearly, a field kit that is inexpensive, simple to operate, 
and accurate would resolve these problems. 
While field assays can be utilized for sample screening and site surveying, and can 
produce copious results in a short period of time, accuracy suffers when attempting a 
rapid determination of arsenic levels with present field kits.26  Even in the U.S., where the 
EPA has approved several methods for the determination of arsenic in ground water 27 
along with treatments such as filtration through activated alumina, ion exchange, iron-
based sorption media, and reverse osmosis, the suggested methods are time consuming 
and, again, costly.  Further development of on-site screening and monitoring is needed 
for the analysis of arsenic at locations where laboratory-based methods are unavailable. 
Given the global necessity for rapid, inexpensive, and non-toxic screening, this 
dissertation explores arsenic analysis methods with practical field kit applications, delves 
into the chemistry involved, and details the results of experiments conducted. It also 
offers suggestions for future experiments to refine the suggested techniques, and 
addresses pertinent educational issues. Of the many possible analytical tools used for 
creating such a field kit, two show particular promise: the Gutzeit method and the 
molybdenum blue method. 
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1.2 Gutzeit Method: The Spectrophotometric Determination of Arsenic Using 
Hydride Generation  
1.2.1 The Chemistry of the Determination of Arsenic as a Hydride 
In 1775, Carl Scheele reduced As (III) oxide in the presence of acid. This reaction 
was a prelude to the Marsh test developed by James Marsh28 in the 19th century. The 
Marsh test provided a qualitative method for arsenic determination using zinc and dilute 
sulfuric acid to force arsine gas out of a single tube containing an arsenic solution.  
Marsh’s apparatus is shown in Figure 1.1. 
 
Figure 1.1 Marsh's apparatus.29   
After the publication of Marsh’s test, many other methods were developed to 
improve quantification of arsenic through hydride generation.  Other methods included 
quantification by smell, by passing the gas through silver nitrate solutions, 29 and Ernst 
Wilhelm Heinrich Gutzeit’s (1845 to 1888) technique of passing the gas through an 
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impregnated filter paper.28 The most common field-based method for the determination of 
arsenic is the Gutzeit method, which has been used for over one hundred years30 although 
fewer than one hundred publications have examined it.  The Gutzeit method is based on 
the creation of arsine gas from an aqueous sample solution.  One variation of this method 
is currently used by the Hach Company. 31 A water sample containing arsenic is placed in 
a reaction vessel.  Zinc and sulfamic acid are added to the container.  This creates a redox 
reaction providing electrons to the sulfamic acid’s hydrogen ions, thus generating AsH3.  
This arsine gas evolves into the headspace of the reaction vessel.  A mercuric bromide 
impregnated test strip is applied to the gas, changing the strip from white to a yellow-
brown color in proportion to arsenic content.  Sulfur, tellurium, and selenium all interfere 
with this reaction although these interferences can be minimized.  Furthermore, this 
reaction does not occur with organic arsenic species. 
1.2.2 Chemistry of the Gutzeit Method  
The reaction described by Brindle28 in his article, “Vapour-generation analytical 
chemistry: from Marsh to multimode sample-introduction system” follows in Figure 1.2 	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The formation of arsine gas: 
(1) Zn(0) → Zn2+ + 2e 
(2) 2H+ + 2e-→ H2 
(3) As(III) + 3e-→ As(0) 
(4) As(0) + 3e- +3H+→ AsH3 
Reactions of arsine gas with detecting reagent  
(1) AsH3 (g) + 3HgBr2 (aq) → As(HgBr)3 (aq) + 3HBr  
(2) AsH3 (g) + 3AgNO3 (s) →AsAg3 (s) + 3HNO3 
Figure 1.2 Reactions of the Gutzeit Method.28 
In the above postulated mechanism, the acid oxidizes the metal, zinc, which, in turn, 
reduces As(III)  to As(0), and, theoretically reacts with hydrogen ions to form arsine.  
This redox reaction involving zinc and an acid is strong enough to cause the reduction of 
As(V) to As(III).  This allows the Hach to test for both inorganic arsenic species. The 
Hach Company’s website reports 90% As(V) recovery with this chemistry.31  
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Figure 1.3 Two reaction vials pictured with reagent packets, sulfamic acid (1) 
and zinc (2). HgBr2 strips in separate container with desiccant. 
Also pictured 10% lead acetate solution used to decrease sulfide interference. 31 
The Hach Company has used the Gutzeit method in two of its field kits, the EZ Kit 
and the Five Reagent Kit.  Similarly, other companies use arsine generation to detect the 
concentration of arsenic: the Mahidol University test kit, the Merck test kit, and the 
Wagtech Arsenator.32 All currently available test kits, except for the Wagtech Arsenator, 
rely on the user’s judgment to visually correlate the reacted strip to a color reference 
guide.  The Wagtech kit uses a small reflectance instrument to assess the strip color and 
provides a digital readout. 32 
Test kits using this method, such as the Hach EZ kit, are relatively easy to purchase, 
the per-test price is generally less than one US dollar, and chemical refills are readily 
available.  However, this method of assay can create a health hazard for the operator.  An 
independent study found that this method produces toxic arsine gas at a level far above 
the threshold limiting value, as determined by the World Health Organization.13  The risk 
increases if the apparatus used fails to keep the arsine fully contained, and increases with 
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higher arsenic concentrations. In addition, the mercuric bromide this test requires in the 
final step is, itself, toxic 12   prompting many kit manufacturers to provide special 
storage/removal methods for used test strips. 
1.2.3 Challenges of Accuracy in the Determination of Arsenic Using Hydride 
Generation  
The repeatability and accuracy of the Gutzeit method are debatable.  In 1997, the 
World Health Organization, funded by the World Bank, used field portable measurement 
devices based on the Gutzeit method to survey ground water in wells in Bangladesh. The 
accuracy and reproducibility of the results came into question.   Steinmaus33 et al. 
reported that: at the 10 µg/L as the cutoff point, the false positive and false negative rates 
for the Quick Arsenic kit were 14.8% and 2.7%, respectively, and the false positive and 
false negative rates for the Hach EZ kit were 7.4% and 4.6%, respectively. In an 
experimental comparison of arsenic field kits and laboratory-based methods, 
approximately 5% of false positives and false negatives were obtained.  The field of 
hydride generation of arsenic clearly needs improvement in the accuracy of the 
measurement. Further, considering the vast amount of testing, shortening the time 
required for each test would also be helpful. 
1.3  The Chemistry of the Molybdenum Blue Method 
1.3.1 The Spectrophotometric Determination of Arsenic with the Molybdenum Blue 
Method 
Molybdenum blue holds great potential for field application.  It is significantly less 
toxic than the Gutzeit method, more accurate with water samples than X-ray fluorescence 
spectrometry, and more dependable than current biological methods.  It can simply 
require a standard visible spectrophotometer rather than electrophoresis or laser induced 
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breakdown spectroscopy.  It is less sensitive to the environment than anodic stripping 
voltammetry.  If the complications involving the use of molybdenum blue could be 
resolved, it would be an ideal method for field use. 
Molybdenum blue belongs to the category of polyoxometallates that include 
molybdates and tungstenates.  Polyoxometallates in an acidic environment are anions or 
protonated anions, depending on the acidity.  The heteropoly acids of molybdenum and 
tungsten with silicate or phosphate groups have many current and potential applications.34  
The reduced forms of the heteropoly acids have characteristic blue colors, thus reduced 
heteropoly molybdates have been named “molybdenum blues.” 35 By forming a solution 
of arsenomolybdic acid, it is possible to correlate the color intensity to the concentration 
of arsenate in the solution.12   
Most polyoxometallates, including arsenomolybdic acid, will very readily stay in 
solution.  If they are brought into the solid phase as heteropolyoxometallate salts, the 
solubility will largely depend on the ion to which the polyoxometallate is bound.35 For 
example, an organic cation will make the polyoxometallate soluble in organic solutions 
and insoluble in aqueous solutions, while a non-organic ion will have the opposite 
effect.36 The fully oxidized form of the heteropolyoxometallate is a yellow complex, the 
reduced form is blue, and the fully reduced form of the complex is brown.  Reducing the 
compound also has effects on the stability of the complex.  The oxidized form can 
exchange metal atoms with atoms from the solution, forming mixed-metal complexes that 
can have useful properties.  Reduction stiffens the complex; it tightens the complex so 
that the metal atoms cannot be substituted.  Heteropolyoxometallates can be degraded or 
decomposed by adding base to the solution.  Some types of polyoxometallates 
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decompose upon heating. 
1.3.2 Uses of Heteropolyoxometallates 
The four most commonly used polyoxometallates are the H3PMo12O40, H3PW12O40 
and their silicon derivatives: H4SiMo12O40 and H4SiW12O40.  Roughly 85% of 
polyoxometallate publications discuss the applications of these polyoxometallates for 
catalysis.37 Some of the less common applications are in medicine, sol-gel matrices, dyes, 
membrane sensors, dopants, and bleaching.  Because they are metal oxide like, 
polyoxometallates have a high ionic weight and are fully oxidized compounds that are 
also elucidable.  They are stable and have very specific sizes, enabling more specification 
in their activity.  Additionally, polyoxometallates are soluble in many solutions including 
aqueous and organic liquids.38  
1.3.3 Analytical Applications 
The uses of polyoxometallates for elemental analysis are based on the selectivity of 
polyoxometallates.  Generally speaking, a polyoxometallate is made and mixed with a 
solution containing the ion of interest.  The ion and polyoxometallate react, resulting in 
the formation of a heteropolyacid that has a characteristic color, such as molybdenum 
blue.  The absorbance is measured in a spectrophotometer and the intensity of the color is 
correlated to the concentration of the ion of interest.  This process is often aided by a 
cationic dye such as rhodamine, coumarin or fluorescein.  Methods have been published 
describing uses for the quantitative determination by polyoxometallates of over twenty 
five elements.34 
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1.3.4 History of Molybdenum Blue 
In 1826, Berzelius reported the first account of a heteropoly salt.39 He formed a 
yellow precipitate, ammonium 12-molybdophosphate.  Since the periodic table had not 
yet been created, he lacked the tools to comprehend the complex he had created. His 
work was followed by the research of Svanberg40 and Struve in 1848, who applied 
heteropoly acids for gravimetric and volumetric determinations of phosphate. 
1.3.5 Chemistry of Molybdenum Blue 
The theory of heteropoly MoO3 groups forming the larger structure was not 
suggested until 1892 by Blomstrand, although he had no way of confirming it.  Scientists 
at the time recognized that large organized structures were produced but were unable to 
explain the chemistry involved. By 1903, chemists had characterized over 750 different 
heteropoly compounds. A breakthrough in explaining these compounds came in 1929 
when Linus Pauling suggested a series of rules for predicting their structures. 
The Keggin Structure concept, a cage-like model for describing reactivity, was 
developed in 1933 as a result of X-ray crystallography.  A tungstophosphate heteropoly 
acid was imaged and the results suggested that four W3O13 groups form a large complex 
that contains 12 tungsten atoms and 40 oxygen atoms with a tetrahedral hole in the 
middle for the phosphate ion,35 as shown in Figure 1.4. 
14 
 
Figure 1.4 The substitution of a phosphate molecule into a heteropoly  
complex  H3PW12O40 36 
Heteropoly complexes contain oxygen, sometimes hydrogen and at least two atoms 
in a positive oxidation state.  The atoms are arranged in MO6 octahedrons.35 Heteropoly 
complexes are strong oxidizing agents, and, when reduced, absorb in the red/infrared 
region of the spectrum at 865 nm by a charge transfer mechanism. Typically, the 
molybdenum blue method has been applied to the determination of phosphate. One 
hundred eighty four papers have been published on this topic. There are thirty papers on 
the determination of arsenic with molybdenum blue. 
The general idea of how the arsenomolybdic acid, which has the identical structure 
to the molybdenum blue compound, is structured and formed is shown in Figure 1.4 by 
the formation 41,42 of PW12O40 from the W12O40 cage and a phosphate group which was 
the identical structure to the molybdenum compound.  The reactivity of polyoxometallates 
seems related to their structure and the charge of the metals involved.  These molecules 
appear to trap anions of specific sizes inside, and also bind ions on the surface, allowing 
the phosphate/arsenate atoms to substitute for portions of the surface structure. 
Both of the charged outer spheres affect the types of bonds polyoxometallates will 
form.  The double metal-oxygen bonds are shorter than the bridging metal-oxygen bonds, 
distorting the structure from the perfect α-Keggin structure.35  
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Most polyoxometallates, including arsenomolybdic acid, are water soluble.  If they 
are brought into the solid phase as heteropolyoxometallate salts, the solubility will largely 
depend on the ion to which the polyoxometallate is bound.35  For example, an organic 
ligand will make the polyoxometallate soluble in organic solutions and insoluble in 
purely aqueous solutions, while a non-organic ligand will have the opposite solubility 
scheme. 36 The fully oxidized form of the heteropolyoxometallate is a yellow complex, 
the reduced form is blue, and the fully reduced form of the complex is brown.  Reducing 
the structure also affects its stability.  Sufficient reduction prevents the substitution of 
metal atoms.  Despite the robust stability of heteropolyoxometallates, they are weak acids 
in solution, easily degraded by adding base to the solution.  Some types of 
polyoxometallates decompose when heated. 
The tendency of molybdenum blue method to form a complex with phosphate as 
well as arsenate interferes with the accuracy of the methods which employ it. Phosphorus 
is commonly found in nearly all environmental samples at concentrations equal to or 
higher than that of arsenic. Because As(V) is more easily reduced than P(V)43 they may 
be distinguished from each other. As arsenite does not react to form the heteropoly 
product, the redox potential of arsenic versus phosphorus permits the two elements to be 
measured independently. 
The spectrophotometric determination of arsenic with the molybdenum blue 
chemistry has been used in a laboratory-based method created by the U.S. EPA, namely 
the USEPA 1909 Method 108C.43 There are significant reasons why the molybdenum 
blue method has not been used in field portable devices.  The first: it is susceptible to 
interferences from species such as iron, phosphate and silicate, which are all commonly 
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found in ground water. Arsenomolybdate has a well-defined absorbance band but a low 
molar absorptivity, which makes it difficult to detect at concentrations of 10 µg L-1.43,44   
The primary advantage of the molybdenum blue method over the Gutzeit (measurement 
of arsenic as a gas) method is that the reagents involved are relatively non-toxic and do  
not produce a waste disposal problem.45  
1.3.6 Different Formulations of Molybdenum Blue and Current Research 
Currently there is very little published in the chemical literature about the 
formulation of the molybdenum blue reagents. The role of several of the reagents, 
including phosphate, antimony, and sulfuric acid, is not fully understood. 
In 1972, Johnson and Pilson46 further investigated the molybdenum blue method and 
its application to the determination of arsenite, arsenate, and phosphate in natural waters. 
They used several chemicals to generate a molybdenum blue formulation including 
potassium iodate and antimony potassium tartrate. The challenge of their method was to 
distinguish between the molybdoarsenate complex and the molybdophosphate complex.  
Johnson and Pilson tackled this problem by reducing and oxidizing these solutions to 
determine the difference between total phosphate content as opposed to phosphate and 
arsenate content combined. 
In 2004, Dhar et al.47 used the Johnson and Pilson  approach but increased the 
concentrations of potassium iodate, ascorbic acid, and antimony potassium tartrate.  
These chemicals are used in the pretreatment/reduction of the samples and the formation 
of a colored reagent. One of the interesting features of this method is that phosphate is 
used as a catalyst for the arsenic complex formation. Dhar’s research group justified the 
presence of phosphate by explaining that phosphate is found at 2-30 µmol L-1 in 
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groundwater. 
Tsang et al.48 in 2007, also developed a method for measurement of arsenate and 
phosphate in aqueous solutions based on the Johnson and Pilson method. This group 
further optimized the Johnson reagent formulation. Tsang et al. maintain that by using a 
new reductant, dithionite as a selective reducing agent to reduce arsenate, they were able 
to decrease the reaction time to less than ten minutes and claimed that the detection limit 
with this refinement was approximately 1 µg L-1. 
In 2003, Lenoble et al.42 investigated the reagents and conditions for the 
determination of arsenate by the molybdenum blue method.  These variables were 
investigated: formation time of the complex, light exposure, temperature, and presence of 
competitive anions (silicate and sulfate).  They found the optimal time and temperature 
for complexation to be 1 hat 20 ± 1°C and determined that the complex formed more 
completely in daylight. They discovered that the rate of complex formation decreased in 
the presence of interfering anions, and they reported a detection limit of 20 µg L-1 of 
As(V). While evaluating five agents for the oxidation of arsenite, they found that  H2O2 
and MnO2 were the least effective.  NaOCl and KMnO4 were moderately effective 
reagents, and FeCl3 was the most effective. 
1.3.7 Flow Injection and Molybdenum Blue Chemistry 
Flow injection, a major tool in modern chemistry analysis, involves mixing streams 
of liquids carrying reagents which react at a convergence point. After reacting, the 
resultant products are measured in a detector such as a UV-Vis spectrophotometer. Flow 
injection is now such a large part of analytical chemistry that it has become the subject of 
more than 30,000 current publications. In comparison, the topic of flow injection as 
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related to the molybdenum blue method has generated less than one hundred 
publications. Molybdenum blue can be used to quantify contaminants in groundwater in 
addition to arsenic-phosphorus, silica, and antimony. Forty-four publications have 
focused on techniques combining flow injection, molybdenum blue, and phosphorus, 
whereas only two publications have involved simply combining flow injection with 
arsenic and molybdenum blue. One of these two publications reports on a 
spectrophotometric method and the other describes the determination of arsenic by 
atomic absorption spectrometry.  Since one requirement for a practical field portable 
arsenic testing kit is rapid determination, we will examine previously performed 
experiments using these combinations of techniques which, in theory, could fulfill that 
requirement. 
Watanabe49 et al., using flow injection analysis and the molybdenum blue chemistry, 
investigated the presence of arsenic in steel.  Using a Teflon (PTFE) filter tube 
concentration method, the researchers coprecipitated arsenic with beryllium hydroxide at 
pH. The precipitate was reacted with ammonium molybdate. The molybdoarsenate 
complex was reduced with ascorbic acid. The obtained molybdenum blue complex was 
determined by spectrophotometry at 840 nm. The limit of detection for arsenic was 0.7 
µg L-1. 
Developing an on-line solvent extraction system for the determination of arsenic in 
steel by electrothermal atomic absorption spectrometry (ET-AAS), Sakuragawa et al.50 
utilized flow injection with the molybdenum blue chemistry as a measurement technique. 
The first steps of this experiment involved the reaction of As(III) with iodide to form 
AsI3, this compound was then extracted into benzene and then back-extracted into water. 
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Mas-Torres51 et al., in their 2004 research, measured orthophosphate using sequential 
injection. The determination of was carried out by the electro-generation of the 
molybdenum blue complex with a tubular flow-through electrode. Their method tolerated 
high concentrations of silica and was capable of making measurements over a wide range 
of concentrations (0.3-800 mg L-1). 
In 2002, Grudpan et al.52 determined phosphate and silicate simultaneously with 
stopped-flow injection (a technique in which the reaction is abruptly stopped within the 
detector) and molybdenum blue chemistry. They investigated the kinetics of the 
phosphate molybdate reaction with a manually operated stopped-flow system by setting 
up a low mixing and low dispersion two-line manifold.  Molybdate was delivered in one 
line and ascorbic acid in the other; the arsenic sample was injected into the molybdate 
stream. The detector was a LED-based photometer. 
To measure dissolved silica using the molybdenum blue chemistry in 1996, 
Korenaga and Sun53 created a flow-based analysis system for the measurement. Their 
method focused on the development of a thin, long flow-through cell (TLFTC) and a 
detection system that consisted of a GaAlAs light-emitting diode that operated at 780 nm 
(5 mW). These researchers reported that their flow-through cell produced a sensitivity 
that was 10 times greater than that of a standard 10 mm cell. Their detection limit was 
0.02-0.3 mg L-1of Si. 
A sequential injection molybdenum blue procedure was used by Galhardo and 
Masini54 in 2002 to measure phosphate and silicate by sequential flow injection. They 
developed a strategy to distinguish the phosphate from the silicate that involved adding 
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acids into the flow injection tubing zones. They used phosphoric acid to decompose the 
molybdophosphoric acid.  The limit of detection was 0.1 mg L-1 for P and 1 mg L-1 for Si. 
1.3.8 Stoichiometric Measurement of the Elemental Composition of Molybdenum 
Blue With ICP-OES. 
The Stockdale55 method is an effective gravimetric method for the determination 
of phosphorus in steel.  The heteropoly molybdate formed in the Stockdale method is 
known as phosphomolybdate; the proposed structure is ((NH4)3[PMo12O40]).55 It was 
proposed that a similar molybdate molecule could be produced using arsenic that would 
have the chemical formula of ((NH4)3[AsMo12O40]). 
This molecule, known as arsenomolybdate, is formed in colorimetric methods such 
as the Dhar method47 for the determination of arsenic. A major problem with such 
methods is that arsenomolybdic acid does not form readily enough at low concentrations 
to consistently detect arsenic at concentrations near 10 or 50 µg L-1, two levels 
considered thresholds for safe drinking water. 
The goals of this research were to determine the structure of arsenomolybdate 
formed in the Stockdale procedure. Further,  to run trials in which varying aspects of the 
Stockdale method were performed with other systems of molybdenum blue chemistry in 
order to determine if the structure of the heteropoly molybdate molecule changes.    
1.3.9 Naked-Eye and Photographic Determination of Arsenic with the Molybdenum 
Blue Method  
Two additional techniques for arsenic determination, potentially useful for their 
practical applications involve visual observation and computer-mediated photographic 
analysis.  Research in naked-eye determination of arsenic has generated only one 
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publication as of 2010, written by the Matsunaga group.56 This group focused on the 
practical application of molybdenum blue complexation.  They sought to develop a 
naked-eye detection system to quantify absorbance, thus eliminating the necessity for a 
spectrophotometer.  Matsunaga et al. determined arsenic with a molybdenum-loaded 
chelating resin. As the arsenic(V) passed through the resin, the intensity of the blue color 
produced directly related to the arsenic concentration. They found color development 
required 20 min at 40 °C.  Their detection limits were 75µg L-1 at shorter development 
times and 7.5 µg L-1 at longer development times. 
Knowing that the intensity of the blue tint resulting from the reaction of groundwater 
with molybdenum matches the water’s arsenic concentration, they experimented with 
ways to produce color deposition on viewable media such as a resin.  To achieve a 
consistent absorbance of molybdenum by a resin, however, they found that the solution 
required over an hour of shaking; moreover, they discovered that even after four hours of 
shaking, arsenic did not consistently bind to molybdenum. In their conclusion, the 
Matsunaga group admitted to the necessity of expensive apparatus and equipment to 
perform their reactions.  Their method would still need more development to be practical 
for field use.56 
1.4 Color Measurement 
1.4.1 Color Measurement and Tristimulus  
While expensive laboratory equipment can accurately quantify the presence of 
arsenic in a sample, inexpensive tools typically rely on inspecting color development to 
offer a less exact, and often less accurate, determination of the contamination level.  
Readily available tools such as a digital camera and scanner, whose software is based on 
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scientific color theory, can report the number of pixels of the red, green, blue of the 
tristimulus color definition and measure the amount of absorbed light, providing a more 
accurate analysis than visual inspection of color.   Software based on Tristimulus 
understanding offers an important perspective for color measurement. 
Tristimulus colorimetry is based on the principle that there are three components of 
color vision – the eye has receptors for three primary colors, red, green, and blue.  All 
other colors are perceived as mixtures of these.  In 1931 the Commission Internationale 
I’Eclairage (CIE) system57 defined the Standard Observer with color matching functions 
x(λ), y(λ), and z(λ) shown in Figure 1.5 By setting up standard designations of colors 
(color spaces) on chromaticity coordinates, the system allows colors to be matched 
accurately. 
 
Figure 1.5  Color matching functions in the visible regions of the 
electromagnetic spectrum measured by tristimulus colorimetry.57 
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Measurement of colors with digital cameras using tristimulus colorimetry is simple 
and inexpensive analytical method.58  Suzuki et al. developed a tristimulus camera. 
Photographs of a standard and the sample were taken simultaneously and the image was 
transferred to a computer.  Suzuki et al. also developed a portable potentiostat59 and a 
colorimeter60 for field analysis. By this method and tools they measured the concentration 
of iron and residual chlorine in water samples. 
The mapping of the color of the objects in color space, is performed by either a 
photoelectric tristimulus colorimeter or a spectrophotometer. The spectrophotometer has 
three wide-band filters corresponding to the spectral sensitivity61 curves of human eyes.  
The variables are as follows; L* is the lightness, a*, and b* represent the chromaticity. 
The L*a*b color space expresses color difference as a single value ΔE*, shown below in 
Equation 1.1. 
ΔE*=((ΔL*)2+(Δa*)2+(Δb*)2)1/2 
Equation 1.1 The formula for the L*a*b* color space output ΔE*. 
Tristimulus colorimetry is widely used to control the quality of foodstuffs and the 
colors of printing. Its first application to the field of chemistry was the characterization of 
color change in titrimetry62 and it was then applied to the determination of various 
analytes with solid phase colorimetry.63,64   Rahman et al.65 developed a method for the 
measurement of total inorganic arsenic [As(III) and As(V)]. A tristimulus colorimeter 
(Spectrophotometer CM-2600d, Minolta, Tokyo) was used for measuring the color 
intensity of the arsenic test spot on a mercuric bromide test strip. An arsine gas 
generation apparatus (Sibata Scientific Technology, Tokyo) was used to generate arsine 
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gas.  More accurate testing outcomes are possible through new applications of 
inexpensive devices which rely on tristimulus colorimetry. 
1.4.2 Theory of Reflectance Spectroscopy  
Reflectance spectroscopy offers a way to study light as a function of wavelength 
reflected or scattered from a solid, liquid, or gas. Some photons are reflected from grain 
surfaces when they enter a mineral.  Some pass through and some are absorbed. The 
reflected and refracted photons are said to be scattered. These scattered photons can 
continue on and encounter another grain or be scattered away from the surface which 
permits detection and measurement.66 
Several processes are involved in photon absorption in minerals. Their variety and 
their dependence on wavelength offer information about the chemistry of a mineral by 
examining its reflected light. From this perspective, the human eye is a crude reflectance 
spectrometer - it looks at a surface and sees color. The eye and brain process wavelength-
dependent scattering of visible light photons to detect information about objects 
observed.  The modern spectrometer measures with greater precision and detects finer 
details over a broader wavelength range. Because the spectrometer measures absorption 
from  more processes, it detects color better than the eye.66 
1.4.3 The Absorption Process 
Beer’s Law allows us to quantify how photons are absorbed when they enter a 
medium - when I is the observed intensity, Io is the original light intensity, k is an 
absorption coefficient and x is the distance traveled through the medium. 
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I = Io e-kx   
Equation 1.2 Beer’s law equation describing how photons are absorbed by a 
surface.66 
The distance traveled (x) is traditionally expressed in units of cm and the absorption 
coefficient (k) in cm-1. While equation 1 holds for a single wavelength, the absorption 
coefficient is different, and the observed intensity varies at other wavelengths. A 
fundamental parameter describing the interaction of photons with a material, the 
absorption coefficient is a function of wavelength.66  
1.4.4 Causes of Absorption: Electronic Processes 
By absorbing photons of a specific wavelength, isolated atoms and ions which have 
discrete energy states, change from one energy state to a higher one. When the energy 
state of an atom or ion changes to a lower one, a photon is emitted. The photon, once 
absorbed, is usually not reemitted at the same wavelength. As an example, the material 
may heat up, resulting in grey-body emission at longer wavelengths.66 
1.4.5 The Scattering Process 
Reflectance spectroscopy is made possible by scattering – some photons enter a 
surface, are scattered or absorbed, while others are scattered from the surface so we may 
see and detect them. This process can be understood as a scrambling of information, 
making it more complex, making recovery of quantitative information more difficult 
because scattering is non-linear.  In reflectance the optical path of photons is a random. If 
the grain the photon encounters is bright, like a quartz grain at visible wavelengths, it will 
be scattered for hundreds of encounters. If it is dark, like magnetite, the majority of 
26 
photons will be absorbed at each encounter.  In a few encounters all will be absorbed. 
This process underlies reflectance spectroscopy’s use as a diagnostic tool.  Abundance of 
the absorber and the grain size of the mineral determines the depth of an absorption. The 
reflectance decreases as grain size increases.66 While spectrophotometers are more 
precise, colorimeters are more portable and offer more potential for field applications. 
1.4.6 Kubelka Munk Background  
The Kubelka Munk67 theory quantifies the concentration of analyte on a solid surface 
through the measurement of the reflectance of light. The original equation expresses the 
relationship between absorption, scattering of light, and the reflectance of light. Through 
the Kubelka Munk theory, standard reference material can be measured.  The simplest 
form of the theory’s formula is in Equation 1.3. 
K S-1=kC 
Equation 1.3 The Kubelka Munk formula 
In the above formula the K is equal to absorption; k is a variable that is specific to 
the analyte and its absorption properties; and C is concentration of the analyte. To arrive 
at the above expression, initial experiments must be carried out to determine k. Once this 
is established, concentrations can be generated from the reflectance values. 
1.5  Chemical Education and Field Portable Methods 
One crucial element of the successful determination of arsenic levels under assorted 
field conditions is to have enough adequately trained people to perform the testing. This 
is a twofold challenge, requiring first a multi-language educational toolkit designed to 
rapidly teach individuals, many of whom may be poorly versed in chemical analysis and 
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proper procedures, and, second, finding individuals willing to be trained and apply their 
training. 
In general, the economic development of a nation is correlated with its investment in 
science and technology, yet other factors affect such growth. There is evidence to suggest 
that in the United States, the documented decline of interest in science and mathematics 
at the high school level68 is due to attitudes that students absorb from society about 
scientists. A majority of these views center on scientists being unglamorous. Many of 
these preconceived ideas are created in the community and school. Augmented though 
repetition, they lead students to choose studies in high school that will prevent them from 
taking college science courses.  It is now commonly accepted among psychologists that 
students have formed their strongest opinions by the sixth grade.  One key strategy for 
reversing this trend may be to have scientists visit classrooms on a regular basis at early 
grade levels to change student perceptions. 
Another strategy currently being tested at both state and national levels is engaging 
middle school students in inquiry-based projects.  The GK-12 program of the National 
Science Foundation and the K-12 program for engineering developed by the American 
Society for Engineering Education are model programs involving of middle school 
students in inquiry-based projects.69,70  These programs provide a structure in which 
students collaborate, conduct research, and develop their own projects using the scientific 
method. The process typically culminates with a science fair emphasizing the importance 
of personal achievement and permitting communication of results. 
There are two elements that must be considered in implementing an inquiry-based 
learning experience for involving younger students in environmental testing with field 
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portable instrumentation.  The first and most important element is safety.  All of the 
reagents must be non-toxic, non-inflammable, and the equipment must be reliable and 
non-hazardous.  The second element is time: fitting experiments within a single class 
period.  The average class lasts 45 min, which usually leaves no more than 30 min for 
experimentation. An experiment that exceeds this time limit may be counterproductive in 
encouraging students to develop their own inquiry-based projects and nurture an interest 
in science. 
Properly motivated students might provide invaluable assistance in developing a 
field-kit user manual with worldwide applications.  Since, ideally, this material should be 
easy for relatively unskilled technicians in places like Bangladesh to learn and apply, a 
useful test for determining the ease of learning these technologies would be the study of 
how well students in middle school United States classrooms absorb similar training. 
1.6 The Determination of Single Nucleotide Polymorphisms in the DNA of Arsenic 
Exposed Humans and Its Use as a Biomarker for Cancer Prediction 
Chronic arsenic toxicity through consumption of contaminated drinking water is a 
major environmental health issue worldwide. Chronic arsenic exposure adversely affects 
the immune system and paves way for opportunistic infections. Despite this, only a 
fraction of individuals exposed to arsenic develop arsenic-induced skin lesions, indicating 
that genetic composition of individuals might be responsible for their preferential 
susceptibility. Single nucleotide polymorphisms (SNPs) were studied to determine if the 
immune response related genes in the exposed individuals of West Bengal, India might 
be responsible - utilizing the techniques of PCR (Polymerase Chain Reaction) and the 
Sanger DNA Sequencing Method. SNPs create changes in the sequence of mRNA, which 
alter the amino acid sequence of the final protein, thereby leading to subtle changes in the 
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3 dimensional conformations of the protein products, consequently impacting their 
function. These genetic effects were cross verified with the case histories of patients to 
further increase the knowledge of how arsenic susceptibility can be modulated by subtle 
changes in the genome. 
1.7 Toxicology of Arsenic 
“Millions of people worldwide71 are chronically exposed to arsenic through drinking 
water, including 35-77 million people in Bangladesh.”  Exposure to arsenic can be linked 
to the following types of cancer:72-74 skin, liver, kidneys, and cardiovascular system.  
There is evidence that susceptibility to disease from arsenic exposure varies 
significantly75 between individuals.  After inorganic arsenic is ingested, some of the 
arsenic is methylated76 to form monomethylarsonic acid. This form is more toxic than the 
inorganic species.  The process of cancer formation is believed to involve single 
nucleotide polymorphisms76 which are single base changes in an individual gene. These 
are present in less than 1% of the population. The vulnerabilities predispose individuals 
and weaken the body’s ability to remove arsenic from the cells. The persistent presence 
of arsenic in the cell prolongs the exposure to arsenic, increasing the probability that it 
will react with the cellular structure and form cancer. 
1.8 References  
1. Mandal, B.K;  Suzuki, K.T. Arsenic round the world: a review. Talanta 2002, 58, 
201. 
2. Han, F.X.; Su, Y.; Monts, D.L.; Poldinec, M.J.; Banin, A.; Tiplett, G.E. 
Assessment of global industrial-age anthropogenic arsenic contamination. 
Naturwissenschaften 2003, 90, 395-401. 
30 
3. Hingston, J.A.; Colins, C.D.; Murphy, R.J.; Lester, J.N. Leaching of chromated 
copper arsenate wood preservatives: a review. Environ. Pollut. 2001, 111, 53-
66. 
4. Johnson, R.L.; Aldstadt, J.H. Quantitative trace-level speciation of arsenite and 
arsenate in drinking water by ion chromatography. Analyst 2002, 127, 1305-
1311. 
5. Sambu, S.; Wilson, R. Arsenic in food and water - a brief history. Toxicol. Ind. 
Health 2008, 27, 217 - 226. 
6. Garcia-Manyes, S.; Jimenez, G.; Padro, A.; Rubio, R.; Rauret, G. Arsenic 
speciation in contaminated soils. Talanta 2002, 58, 97-109. 
7. Kinniburgh, D.G.;Smedley, P.L. Arsenic Contamination in Ground Water in 
Bangladesh; WC/00/19:BGS Technical Report: Nottingham, England, 2002. 
8. Ayotte, J.D.; Montgomery, D.L.; Flanagan, S.M.; Robinson, K.W. Arsenic in 
Groundwater in Eastern New England: Occurrence, Controls, and Human 
Health Implications. Environ. Sci. Technol. 2003, 37, 2075-2083. 
9. Smith A H; Lingas E O; Rahman M. Contamination of drinking-water by arsenic 
in Bangladesh: a public health emergency. Bull. WHO. 2000; 78: 1093-1103 
10. Gensini, A. Gian Franco The contributions of Paul Ehrlich to infectious disease. 
J. Infect. 2004, 54, 221-224. 
11. Lo-Coco, F. L; Naoe, T.  Management of acute promyelocytic leukemia. Blood, 
2009, 113, 1875-1891. 
12. Melamed, D. Monitoring arsenic in the environment: a review of science and 
technologies with the potential for field measurements. Anal. Chim. Acta 2005, 
532, 1-13. 
13. World Health Organization Arsenic In Drinking Water Home Page. 
http://www.who.int/mediacentre/factsheets/fs210/en/ ( accessed January, 2009) 
14. Huang, Y.; Tseng, C.; Huang, Y.; Yang, M.; Chen, C.; Hsueh, Y. Arsenic 
methylation capability and hypertension risk in subjects living in arseniasis-
hyperendemic areas in southwestern Taiwan. Tox. Appl. Pharm. 2007, 218, 135-
142. 
15. Pu, Y.; Yang, S.; Huang, Y.; Chung, C.; Huang, S.; Chiu, A.W.; Yang, M.; Chen, 
C.; Hsueh; Pu, Y. Urinary arsenic profile affects the risk of urothelial carcinoma 
even at low arsenic exposure. Tox. Appl. Pharm. 2007, 218, 99-106. 
16. . U.S. Environmental Protection Agency Arsenic in Drinking Water Home Page. 
http://www.epa.gov/safewater/arsenic/index.html (accessed March 2007) 
31 
17. Kumar, A.; Adak, P.; Gurian, P.L.; Lockwood, J.R. Arsenic exposure in US 
public and domestic drinking water supplies: a comparative risk assessment. J. 
Exposure Sci. Environ. Epidemiol. 2010, 20, 245-254. 
18. King, C. P. Determination of arsenic in natural waters using surface plasmon 
resonance: a low-cost analytical tool for arsenic screening. J. US SJW 2008, 1, 
46-55. 
19. Leal, L.O.; Forteza R.; Cerda, V. Speciation analysis of inorganic arsenic by a 
multisyringe flow injection system with hydride generation-atomic fluorescence 
spectrometric detection. Talanta 2006, 69, 500-508. 
20. Michon, J.; Deluchat, V.; Shukry, R.A.; Dagot, C.; Bollinger, J.C. Optimization 
of a GFAAS method for determination of total inorganic arsenic in drinking 
water. Talanta 2007, 71, 479-485. 
21. Macarovscha, G.T.; Bortoleto, G.G.; Cadore, S. Determination of cadmium by 
flame-atomic absorption spectrometry after preconcentration on silica gel 
modified with cupferron. Talanta 2007, 71, 1150-1154. 
22. Salgado, S.G.; Nieto, M.A.Q.; Simon, M. M. B. Determination of soluble toxic 
arsenic species in alga samples by microwave-assisted extraction and high 
performance liquid chromatography-hydride generation-inductively coupled 
plasma-atomic emission spectrometry. J. Chromatogr., A. 2006, 1129, 54-60. 
23. Ronkart, S. N.; Laurent, V.; Carbonnelle, P.; Mabon, N.; Copin, A.; Barthelemy, 
J. Speciation of five arsenic species (arsenite, arsenate, MMAA(V), DMAA(V) 
and AsBet) in different kind of water by HPLC-ICP-MS. Chemosphere 2007, 
66, 738-745. 
24. Tyson, J. Development of Measurement Technologies for the Low-Cost, 
Reliable, Rapid, On-Site Determination of Arsenic Compounds in Water. In  
Arsenic Contamination of Groundwater; Ahuja, S, Ed; Wiley: Adobe E-Book, 
2008, pp 147-177. 
25. Bednar, A.J.; Garbino, J.; Ranville, J.F.; Wildeman, T.R. Preserving the 
distribution of inorganic arsenic species in groundwater and acid mine drainage 
samples. Environ. Sci. Technol. 2002, 36, 2213-2218. 
26. Jakariya, Md.;Vahter, M.; Rahman, M.; Wahed, A.; Hore, S. K.; Bhattacharya, 
P.; Jacks, G.; Persson, L. Å. Screening of arsenic in tubewell water with field 
test kits: evaluation of the method from public health perspective. Sci. Total 
Environ. 2007, 379, 2-3,167-175. 
27. U.S. Environmental Protection Agency Clean Water Act Analytical Methods  
Home Page. http://www.epa.gov/waterscience/methods (accessed March, 2007)  
32 
28. Brindle, I. D. Vapour-generation analytical chemistry: from Marsh to multimode 
sample-introduction system. Anal. Bioanal. Chem. 2007, 388, 735-741. 
29. Kinniburgh, D.G.; Kosmus, W. Arsenic contamination in groundwater: some 
analytical considerations. Talanta 2002, 58, 165. 
30. Gutzeit, H. Pharmaz. Zeitung 1891, 36, 748-756. 
31. The Hach Company Home Page 
http://www.hach.com/hc/search.product.details.invoker/PackagingCode=282280
0NewLinkLabel=EZ+Arsenic+Test+Kit,+0-4000+ppb,+100+tests (accessed 
January, 2009). 
32. Wagtech International Home Page. http://www.wagtech.co.uk/?newsid=8 
(accessed January, 2009) 
33. Steinmaus, C. M.;  George, C. M.; Kalman, D. A.; Smith, A. H. Evaluation of 
two new arsenic field test kits capable of detecting arsenic water concentrations 
close to 10 µg/L. Environ. Sci. Technol. 2006, 40, 3362-3366. 
34. Katsoulis, D. E. A survey of applications of polyoxometallates. Chem. Rev. 1998, 
98, 359. 
35. Baker, C.W.L.; Glick, D.C. The general status of understanding of heteropoly 
electrolytes and a tracing of some major highlights in the history of their 
elucidation. Chem Rev. 1998, 1, 3-50. 
36. Gouzerh, P.; Proust, A. Main-group element, organic, and organometallic 
derivatives of polyoxometallates. Chem Rev. 1998, 98, 77. 
37. Bozell, J. J.; Hoberg, J. O.; Dimmel, D. R. Heteropolyacid catalyzed oxidation of 
lignin and lignin models to benzoquinones. J. Wood Chem. Technol. 2000, 20, 
19. 
38. White, A. M.; Slade, R. C. T. Electrochemically and vapour grown electrode 
coatings of poly(3,4-ethylenedioxythiophene) doped with heteropolyacids. 
Electrochim. Acta 2004, 49, 861-865. 
39. Berzelius, J. J. Pogg. Ann. 1826, 6, 369, 380. 
40. Svanberg, L.; Struve, H. J. Prakt. Chem. 1848, 44, 257, 291. 
41. Day, V. W.; Fredrich, M. F.; Klemperer, W. G.; Shum, W. Synthesis and 
characterization of the dimolybdate ion, Mo2O72−. J. Am. Chem. Soc. 1977. 99, 
18, 6146. 
33 
42. Lenoble, V.; Deluchant, V.; Serpaud, B.; Bollinger, J.C., Arsenite oxidation and 
arsenate determination by the molybdenum blue method. Talanta 2003, 61, 267-
276. 
43. U.S. Environmental Protection Agency Technology Transfer Network Home 
Page, Method 108 C for Determination of Arsenic in Ore with the Molybdenum 
Blue Method.. http://www.epa.gov/ttn/emc/promgate/m-108c.pdf (accessed 
February, 2007), 
44. . U.S. Environmental Protection Agency Arsenic in Drinking Water Home Page. 
http://www.epa.gov/safewater/arsenic/index.html (accessed March 2007) 
45. Fairhall, L.T.; Dunn, R.C.; Sharpless, N.E.; Pritchard, E.A. The toxicity of 
molybdenum. U.S. Public Health Service, Public Health Bull. 1945, 293. 
46. Johnson, D.L.; Pilson, M.E.Q. Spectrophotometric Determination of Arsenite, 
Arsenate, and Phosphate in natural waters. Anal. Chim. Acta, 1972, 58, 289. 
47. Dhar, R.K.; Zheng, Y.; Rubenstone, J.; Van Geen, A. A rapid colorimetric 
method for measuring arsenic concentrations in groundwater. Anal. Chim. Acta 
2004, 526, 203-209. 
48. Tsang, S.; Phu, F.; Baum M.M.; Poskrebyshev, G.A. Determination of 
phosphate/arsenate by a modified Molybdenum Blue method and reduction of 
arsenate by S2O42−. Talanta, 2007, 71, 1560-1568. 
49. Wantanabe, K.; Osawa, T.; Iwata, J; Itagaki, M. Spectrophotometric 
determination of arsenic in steels by FIA using filter-tube concentration method. 
Bunseki Kagaku 2006, 55, 251-257. 
50. Sukuragawa, A.; Taniai, T.; Uzawa, A. Determination of arsenic in steel by metal 
furnace-AAS and flow injection analysis based on method with on-line iodide 
trace extraction system. Tetsu to Hagane 2003, 89, 927-934. 
51. Mas-Torres, F.; Manual Estela, J.; Miro, M.; Cladera, A.; Cerda, V. Sequential 
injection spectrophotometric determination of orthophosphate in beverages, 
wastewaters and urine samples by electrogeneration of molybdenum blue using 
tubular flow through electrodes. Anal. Chim. Acta. 2004, 510, 61-68. 
52. Grudpan, K.; Ampan, P.; Udnan, Y.; Jayasvati, S.; Lapanantnoppakhun, S.; 
Jamunee, J.; Christian, G.D.; Rusicka, J. Stopped-flow injection simultaneous 
determination of phosphate and silicate using molybdenum blue. Talanta 2002, 
58, 1319-1326. 
53. Korenaga, T.; Sun, F. Determination of dissolved silica in waters by flow-based 
analysis system composed of a laser diode and a thin long flow-through cell. 
Anal. Chim. Acta 1996, 318, 195-202. 
34 
54. Galhardo, C.X.; Masini, J.C. Spectrophotometric determination of phosphate and 
silicate by sequential injection using molybdenum blue chemistry. Anal. Chim. 
Acta. 2000, 417, 191-200. 
55. Stockdale, D. The molybdate method for the determination of phosphorus in 
basic slag and in steel. Analyst 1958, 83, 24. 
56. Matsunaga, H.; Kanno, C.; Suzuki, T.M. Naked-eye detection of trace arsenic(V) 
in aqueous media using molybdenum-loaded chelating resin having β-
hydroxypropyl-di(β-hydroxyethyl)amino moiety. Talanta 2005, 66, 1287-1293. 
57. Konica Minolta Home Page 
http://www.konicaminolta.com/instruments/knowledge/light/concepts/08.html, 
(accessed August, 2010), the essentials of imaging  
58. Suzuki, Y.; Endo, M.; Jin, J.; Iwase, K.; Iwatsuki, M. Tristimulus Colorimetry 
Using a digital still camera and its application to determine of iron and residual 
chlorine in water samples. Anal. Sci. 2006, 22, 411-414. 
59. Jin, JY.; Suzuki, Y.; Ishikawa, N.; Takeuchi, T. A miniaturized FIA system for 
the determination of residual chlorine in environmental water samples Anal. 
Sci.,2004, 20, 205 – 207. 
60. Suzuki, Y.; Aruga, T.; Kuwahara,  H.; Kitamura, M. A simple and portable 
colorimeter using a red-green-blue light-emitting diode and its application to the 
on-site determination of nitrite and iron in river-water Anal. Sci. 2004, 20, 975. 
61. Reilley, C. N. ; Flaschka, H. A. ; Laurent, S. Laurent, B. Characterization of the 
color quality of indicator transition – complementary tristimulus Anal. Chem. 
1960, 32, 1218. 
62.Yokota, F; Abe, S. Solid phase colorimetry of trace metal ions based on a 
tristimulus chromaticity diagram. Simultaneous determination of iron(II) and 
iron(III) Anal. Comm. 1997, 34, 111. 
63. Kasahara, I.; Kawashima, H. ; Ohshiro, T.; Hata, N. Taguchi, S. On-site analysis 
of trace inorganic components in environmental water after preconcentration 
with membrane filter collection and by tristimulus colorimetry and 
spectrophotometry Anal. Sci., 2001, 17 (supplement), i1233  
64. Konica Minolta Home Page 
http://www.konicaminolta.com/instruments/knowledge/color/pdf/color_commun
ication.pdf (accessed August, 2010), Precise Color Communication 
65. Rahman, M.M.; Seike, Y.; Okumura, M. Concentrations of arsenic in brackish   
lake water: application of tristimulus colorimetric determination Anal. Sci. 2006, 
22, 411-414. 
35 
66. USGS. About Reflectance Spectroscopy Home Page. 
http://speclab.cr.usgs.gov/aboutrefl.html (accessed August, 2010)  
67. Pueyo, C.L.; Siroky, S.; Landsmann, S.; Molecular precursor route to a 
metastable form of zinc oxide Chem. Mat. 2010, 22, 4263-4268. 
68. Augustine, N.R.; Vagelos, P.R.; Wulf, W.A. Science, Technology and Global 
Economic Competitiveness: Rising above the gathering storm –Energizing and 
Employing America for a Brighter Economic Future; National Academies Press: 
Washington, D.C., 2007. 
69. NSF Funding Home Page. 
http://.nsf.gov/funding/pgm_summ.jsp?pims_id=5472&org=DGE&formshome  
(accessed June, 2006) Graduate Teaching Fellows in K-12 Education 
70. ASEE Home Page. http://www.asee.org/ (accessed June, 2006.) Exploring the 
future of engineering education 
71. Argos, M.; Kalra, T.; Rathouz, Y.; Pierce, B.; Parvez, F.; Islam, T.; Ahmed, A.; 
Rakibuz-Zaman, M.; Hasan, R.; Sarwar, G.; Slavkovich, V.; Van Geen, A.; 
Graziano, J.; Ahsan, H. Arsenic exposure from drinking water, and all-cause and 
chronic-disease mortalities in Bangladesh (HEALS): a prospective cohort study. 
Lancet 2010, 376, 252-258. 
72. Yang, C.Y.; Chang, C.C.; Ho, S.C.; Chui, H.F. Is colon cancer related to arsenic 
exposure? J. Toxocol. Environ. Health A, 2008, 71, 533-538. 
73. Chen, C.J.; Chuang, Y.C.; You, S.L.; Lin, T.M.; Wu H.Y. A retrospective a study 
on malignant neuroplasms of bladder, lung liver and blackfoot disease endemic 
area in Tiawan. Br. J. Cancer 1986, 53, 399-405. 
74. Ferriccio, C.; Gonzalez, C.; Milosavjlevik, V.; Marshall, G. Sancha, A.M.; 
Smith, A.H, Lung cancer and arsenic concentrations in drinking water in 
Cordoba, Argentina. Int. J. Epidemiol. 2000, 11, 673-679. 
75. Chung, J.S.; Kalman, D.A.; Moore, L.; Kosnett, M.; Orroyo, A.; Beeris, M.; 
Mazumder, D.; Hernandez, A.; Smith, A. Family correlations of arsenic 
methylation patterns in children and parents exposed to high concentration of 
arsenic in drinking water. Environ. Health Perspect.  2002, 110, 729-733. 
76. Porter, K.E.; Basu, A.; Hubbard, A.E.; Bates, M.N.; Kalman, D.; Rey, O.; Smith, 
A.; Smith, M.T.; Steinmaus, C.; Skibola, C.F. Association of genetic variation in 
cystathione-β-synthase and arsenic metabolism. Environ. Res. 2010, 110, 580-
587. 
36 
CHAPTER 2 
IMPROVING THE ACCURACY AND PRECISION OF AN ARSENIC TEST 
FIELD KIT: INCREASED REACTION TIME AND DIGITAL  
IMAGE ANALYSIS 
2.1 Introduction 
Millions of people around the world are exposed to harmful concentrations of arsenic 
through drinking contaminated water.1 Arsenic is the twentieth most abundant element in 
the earth’s crust and the fourteenth in seawater.2 Compounds of arsenic have been widely 
used in medicine, agriculture, industry, and as an insecticide.  Therefore, arsenic enters 
the environment through many anthropogenic as well as natural sources. Worldwide, 
arsenic-contaminated water produces catastrophic health effects.  Chronic consumption 
causes skin lesions, neurological disorders and cancers, including cancer of the kidneys, 
and lungs.3  Bangladesh is currently battling “the largest mass poisoning of a population 
in history because groundwater used for drinking has been contaminated.”4 The World 
Health Organization currently suggests a limit of 10 µg L-1 for arsenic, which is also the 
“maximum contaminant level” set by the US Environmental Protection Agency. 
However, in Bangladesh and India 50 µg L-1 has been adopted as the threshold value.14 In 
the rural regions of South Asia, and elsewhere, affected populations often obtain their 
water from tube wells sunk into shallow arsenic-contaminated aquifers.  Such locations 
are generally remote from laboratory-based facilities, making laboratory analysis of the 
very large numbers of local well waters impractical. Bangladesh alone has more than ten 
million tube wells, and field test kits are the only realistic means of measuring the arsenic 
content of the water abstracted. 5 In 2005, Melamed6 reviewed technologies with field 
measurement potential for monitoring arsenic in the environment. He concluded: 
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“Accurate, fast measurement of arsenic in the field remains a technical challenge . . . the 
central goal of developing field assays that reliably and reproducibly quantify arsenic has 
not been achieved.”6  There has been adverse criticism voiced over the performance of 
some field test kits.5, 8-11 Hossain7 alludes to the Bangladesh water crisis and the current 
practice of painting a Bangladeshi tube well green if the water contains less than 50  
µg L-1 and red if it contains more than 50 µg L-1, when he writes (in 2006) “field kits 
used to measure As in the region’s groundwater are unreliable” and “many wells in 
Bangladesh have been labeled incorrectly.”  In an earlier study published in 2002, 
Rahman et al.8 after testing results from the Merck, NIPSOM, GPL, AAN, AII&PH, and 
Hach kits stated: “millions of dollars are being spent without scientific validation of the 
field kit method.” 
Possibly the most widely used test kit is the Arsenic EZ kit manufactured by the 
Hach Chemical Company.  In common with many other kits, the analysis is based on the 
Gutzeit reaction.12  Arsine gas (AsH3), formed by reaction with zinc in acid solution, 
reacts with mercuric bromide impregnated into a paper strip to produce a yellow-brown 
product.  The color is related to the concentration of arsenic in solution, which is reported 
by comparing the color of the strip with colors on a printed chart provided by the 
manufacturer.   The status of test kits based on the Gutzeit reaction has been reviewed by 
Tyson.13  
Other researchers have noted problems with currently available field methods for 
arsenic detection including Kinniburgh, Spear, Rahman, Erickson, and the International 
Agency for Research on Cancer.5,9,8,10,11  Clearly, improved means of determining arsenic 
in drinking water are vital for many rural communities around the world. 
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Cheng et al.15 compared the results obtained with the Hach EZ kit and those based on 
laboratory measurements by HG-AAS for the analysis of the water from 799 Bangladeshi 
tube wells.  They found that if the reaction time was doubled  to 40 min, the field kit 
results were accurate (with respect to the 50 µg L-1 value) for 88% of the samples. 
Steinmaus et al.16 evaluated the Hach EZ kit (and the Quick Arsenic kit) in the context of 
the 10 µg L-1 standard by the analysis of 136 water samples from western Nevada, USA.   
The laboratory reference method involved HG-AFS.  They increased the reaction time to 
40 min for the Hach kit as suggested by Cheng et al.21  They found that for the 109 
samples that contained more than 15 µg L-1, the EZ kit correctly identified the 
concentration as being above 10 µg L-1.  For the 27 samples that contained less than 10 
µg L-1, the Hach EZ kit registered 2 false positives. 
The US Environmental Protection Agency’s Environmental Technology Verification 
Program17 has, for several years, been evaluating arsenic test kits according to a rigorous 
and extensive set of standard protocols. As of May 2010, this “ETV” program has 
included eight test kits (As-Top Water Arsenic Test Kit, Quick Arsenic Test Kit, Quick II 
Test Kit, Quick Low-Range Test Kit, Quick Low-Range II Test Kit, Quick Ultra-Low II 
Test Kit, PDV 6000 Portable Analyzer, AS 75 Arsenic Test Kit) based on the Gutzeit 
reaction.  On testing these kits for accuracy when measuring 10 µg L-1 As, the ETV found 
false positives as high as 18% and false negatives as high as 62%. 
The issue of the occurrence of false positives and false negatives was examined in 
detail by Kinniburgh and Kosmus5. They pointed out that the frequency of these was 
related to the precision of the measurement, which would be a function of the analyte 
concentration.  To calculate this, they adopted the model of Thompson and Howarth,18 
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namely that sc = s0 + k c where sc is the standard deviation of replicate analyses at 
concentration C, s0 is standard deviation at zero concentration, and k is the constant 
relative error.  For the Hach EZ kit, they calculated, based on data supplied by the Hach 
company, s0 to be 7 µg L-1  and k to be 0.3.  They plotted the percentage chance of an 
inaccurate result as a function of analyte concentration for 50 µg L-1 decision value.  
From this plot it can be seen that, for example, the chances of a false negative for a 
sample at 100 µg L-1 would be 5%, and the chances of a false positive for 25 µg L-1 
would be about 2%.   From their treatment, it is clear that even if the test is accurate (in 
the sense that the color produced for a given analyte concentration matches that of the 
printed color scale), the frequency of false positives and false negatives depends heavily 
on the precision of the measurement. 
The precision of color measurements could be improved by computer analysis of 
scanned images.  Paciornik19 et al. utilized this technology to measure mercury (by 
reaction with copper I iodide papers) in fish.  Shishkin et al.20 used it to assess the 
intensity of colors absorbed onto polyurethane foam. Kompany-Zareh et al.21 modified 
the approach by using a hand-scanner to image results of an iron (III) and thiocyanate 
(SCN-) reaction.  Also, Soldat et al.22 further explored this technology by measuring 
colorimetric reactions involving common ions. 
   Abrazheev et al.23 first initiated the use of scanners in conjunction with a 
colorimetric reaction for arsenic detection in 2001.  Then in 2004, Mathews et al.24 
increased the practicality of color analysis by developing a computer program, Colors, 
extracting red (R), blue (B) and green (G) values from scanned images, allowing easy and 
precise quantification of color-change reactions. 
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Several factors distinguish this study from the previous examples.  For example, 
Abrazheev et al.23 used a scanner and the Adobe program Photoshop to evaluate the 
consequences of arsenic-based Gutzeit reactions through overall color intensity, but their 
experiments were conducted with more reactants than those found in today’s field kits, 
and with advanced laboratory equipment. 
The benefits of quantification by a flatbed scanner, based on analysis of digital 
images of the colored strips, is a focus of the work described in this dissertation. The 
study shows that precision can be improved by adjusting the reaction time from that 
recommended by the kit – a reaction time of 20 min.25,26   The reaction time at 20oC leads 
to inaccuracies that can be mitigated either by increasing the temperature or the time. 
These experiments, geared toward pragmatics, applied the scanner-software 
technique to actual field-kit technology.  Since it is difficult to visually distinguish 
between the tints generated in a Hach kit with arsenic concentrations of 10, 25, and 50 µg 
L-1, a truly objective analytical tool is desirable.  The method used provides such a tool, 
and the Hach kit’s simplicity combined with the portability of small scanners, laptop 
computers, and the Colors.exe27 program can finally make objective field-testing 
practical. 
2.2 Experimental 
2.2.1 Field Kit   
Reaction vessels were provided by the Hach Company (Loveland, CO) in the EZ 
Arsenic Test Kit (catalogue. number 2822800).  All dilutions were performed with Pyrex 
calibrated flasks and pipettes.  Digital images were obtained with an Epson 1280 
Photosmart flat-bed scanner. 
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2.2.2 Reagents 
High purity water (18 MΩ.cm) was obtained from a Barnstead E-pure unit. The 
reagents used for arsine gas generation provided with the EZ Arsenic Field Kit were  
sulfamic acid (catalogue number 28229-99) and zinc (catalogue number 28230-99).  
Standard solutions were prepared by dissolving the appropriate mass of laboratory grade 
sodium arsenite (NaAsO2,) supplied by Fisher Scientific (Pittsburgh, PA). 
2.2.3 Digital Image Analysis 
Images obtained at 600 dpi resolution and a 24-bit color scale were analyzed with 
Colors, a program designed to read and display the red, green, blue values in an image 
with each color assigned a value from 0 to 255. This program, which runs in the 
Windows environment, was obtained from the supplementary material for reference. The 
images selected were cropped to 200 by 200 pixels.  The color intensity values were 
recorded in Microsoft Excel.  In addition to scanning the test strips for the various 
experiments, the printed color strip provided by the manufacturer was also scanned. 
2.2.4 Procedures 
All reactions were carried out in the Hach kit vessel with dry cotton wool inserted in 
the cap.  The possible interference from sulfide is removed by inserting cotton wool 
wetted with lead acetate solution into the recess in the underside of the vessel lid.  
Preliminary experiments (results not shown) indicated that the presence of the dry cotton 
wool produced a much more uniform color on the test strip.  Tests were performed in 
accordance with the manufacturer’s directions (with variations as described below) with 
50 mL of analyte solution for arsenic concentrations of 0, 10, 25, 50, 100, 250, and 500 
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µg L-1.  For most experiments, five replicate measurements were made at each 
concentration. 
2.2.5 Method Development  
Strips were removed 20, 30, 40, 50, and 60 min and 2, 4, 8, 16, and 24 h after the 
addition of the second reagent, zinc powder.  To investigate the effect of temperature, 
reactions were performed at 35oC by placing the reaction vessels in a heated water bath.  
It is considered that summer temperatures in Bangladesh may reach 35oC. 
2.2.6 Data Analysis 
Preliminary experiments showed that the blue value was most sensitive to the color 
changes on the strips.  Plots of B values, as a function of arsenic concentration were 
constructed. To calculate the precision (in terms of the standard deviation in 
concentration units) at each concentration, the mathematical relationship between the two 
functions is needed. As it was not possible to fit one function to the entire data set, 
quadratic functions were fitted to each adjacent group of three points.  From these 
functions, the corresponding concentration value for each B value was calculated.   The 
standard deviation at each concentration was plotted as a function of concentration, and 
unweighted least squares regression performed to obtain estimates of k and s0. 
2.3 Results and Discussion 
2.3.1 Results of Digital Image Analysis 
The reference chart for the Hach EZ kit is shown in Fig. 2.1, displaying the color 
values expected after 20 min reaction time for arsenic concentrations ranging from 0 to 
500 µg L-1.   The corresponding R, G and B for the image for each concentration are 
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given in Table 2.1, from which t can be seen that the B values provide the most sensitive 
response. 
 
Figure 2.1 Scanned image of the color chart corresponding to solutions 
containing 0, 10, 25, 50, 70, 300, and 500 µg L-1 of arsenic.  
The second row shows the response of the kit using a 9.6 mL volume, 
which is diluted into 50 mL of volume the values correspond to 0, 35, 75, 
175, 500, 1500, and 4000 µg L-1 of arsenic. 
For this study’s digital analysis, measuring levels of the color blue produced the 
most responsive data. Table 2.1 shows Colors’s numerical analysis of blue intensities on 
the Hach Kit reference strip.  Table 2.1 displays the analysis with blue intensities 
generated by increasing reaction time up to a full day.  The primary trend is that the blue 
reflected light values decrease as concentration of arsenic increases. 
Table 2.1 Red, green and blue values from a scan of the Hach Kit Color Chart 
As(III) Concen. µg L-1 Red Green Blue 
0 255 255 255 
10 254 254 223 
25 254 254 137 
50 254 254 101 
100 252 222 65 
250 2 1 5
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51 57 3 
 
2.3.2 Standard Run Time Versus Extended Time  
Table 2.2 displays the mean blue values for reaction reacted for 20, 30, 40 min, 35°C 
and the Hach kit color chart. The results of these increased experimental time periods 
demonstrate that the Hach kit’s preprinted color chart does not match all experimental 
outcomes. The initial values of 20 min reactions at 10 and 25 µg L-1 are closely matched 
to the color chart. When the measurement of the color chart is compared to 20 min at the 
concentration of 50 µg L-1 these values start to diverge.  At values of the 50 µg L-1  and 
above the 40 min reaction is most similar to  the Hach color chart. 
Table 2.2 Mean blue values for reactions run for 20, 30, 40 min and 35 °C. 
As(III) concen. 
 µg L-1 
 
Hach Color  
Chart 
20 min  30 min 40 min 24 h  35 °C 
10 255 249 241 233 154 245 
25 233 240 210 182 128 215 
50 137 211 161 140 110 145 
100 101 187 132 106 69 129 
250 65 157 118 95 24 61 
500 53 124 101 85 8 19 
 
2.3.3 The Results of Increasing Reaction Temperature 
One of the goals of this research was to compare the performance at 35°C of the 
Hach kit - approximating the summertime temperature of Bangladesh. Table 2 shows that 
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for the concentrations of 10 (between 20 and 30 min) , 25 (30 min), 50 (40 min),  and 100 
(30 min), 250 (40 min), 500 (24 h) µg L-1 
Table 2.3 Standard deviation values from the Hach color chart, scanned reaction 
strips run at 20, 30, 40 min, 24 h and 35 ° C. 
As(III) 
concentration 
µg L-1 
Hach 
color 
chart 
20 min 30 min 40 min 24 h 35 ° C 
10 NA 3.8 12.1 6.3 16.0 3.6 
25 NA 5.0 2.6 9.6 5.7 18.2 
50 NA 13.3 9.8 4 4.9 18.3 
100 NA 18.6 13.5 13 33.5 19 
250 NA 11.4 18.5 11.8 11.5 16 
500 NA 20.2 24.9 8.6 2.4 5.6 
2.3.4 Precision and Misclassification 
The data shown in Table 2.4, for the Hach EZ field kit, shows the blue pixel values 
for three different test runs. The value k, the constant relative error, is shown in Table 
2.4. The trend is that as the reaction is reacted for longer periods of time the constant 
relative error decreases. At 20 min the value is 3.8, as the reaction is reacted for 30 min 
the value is 0.13, and at 40 min the k value is 0.038. At 24 h the constant relative error 
rebounds to 0.10. This means that the precision of the system is improved with the use of 
digital image analysis. 
2.3.5 Accuracy and Misclassification  
The value s0 is standard deviation at zero concentration.  As time goes from 20 to 30 
to 40 min to 24 hours, the s0 gets larger. 
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Table 2.4 so and k values at different times. 
 
 20 min 30 min 40 min 24 h 
S
So 
0.10 0.7 2.2 1.4 
k 3.8 0.13 0.038 0.10 
 
 
Figure 2.2 Comparison of the measured blue intensities versus concentration of 
As(III) in µg L-1 at 20 min (u), the Hach color-chart (n), 35 °C (p), 40 
min (Ñ), and 24 h (x symbol with vertical line). 
2.3.6 Kubelka Munk Calculations 
The manipulation of the Kubelka Munk theory explains the relationship between 
concentration and reflectance of solid materials on a paper surface.  One expression of 
this theory is the shown below in Equation 2.1. C , the concentration of the analyte, is 
determined by two variables: R, reflectance, and k, a value specific to each material. The 
experimental design utilized a scanner to measure the reflectance of light. The device is 
an 8 bit system where 28 = 256. A typical blank measurement results in a measurement of 
255 - no absorption and full reflection. 
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C  = (1-R)2 (2kR)-1  
Equation 2.1 Kubelka Munk theory containing concentration. 
The reflectance measurement is divided by 255 to create a range of reflectance 
quantity from 0 to 1.  Experimentally the k value must be determined, as shown in 
Equation 2.2. 
(1-R)2 (2R)-1=kC 
Equation 2.2 Kubelka Munk formula containing the k variable. 
A future goal could be to use this system to provide a more accurate determination of 
the k value, based on an expanded data set.  Once the k value has been determined it can 
be entered into a more refined calculation of concentration as seen in Equation 2.1. 
Another formula provided by the Kubelka Munk theory involves the relationship 
between K (absorption), S (scattering), k (an experimentally gathered constant based on 
the physical properties of the materials) and C (concentration of molecules of analyte on 
the paper), found in Equation 2.3. 
     K S-1=kC 
Equation 2.3 Kubelka Munk formula containing absorption, scattering, the k 
variable, and the concentration of analyte. 
The Kubelka Munk theory was applied to the data derived from scanned reflectance 
values and, using 28 software and the Extend Demo29 program, reflectance was plotted 
versus concentration.   A function for the decay relationship was also generated. The 
relationship is between s and C were interpolated from the curved line to form a straight 
line in the formula y=mx+b.  This calculation proved ineffective at determining the 
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concentration units form this curve. A comparison of the quadratic formula method and 
the Igor method was made; the Igor method failed. Both plots were non-linear. This 
process appears to be empirical, or based on experimental values, and not a function 
capable of describing the chemical system. The Kubelka Munk treatment failed to 
accurately measure the relationship between k and so.  The quadratic formula appeared to 
be more accurate. Application of either model to larger data sets could permit the 
determination of the Kubelka Munk k value for the material’s absorption. 
2.4 Conclusions 
The data from these experiments suggest that the Hach EZ field kit is a reliable test 
kit.  However, it is clear that as the reaction time increases so does its detection 
sensitivity to arsenic.  Concentrations were so low that they proved difficult to detect at 
the suggested time of 30 min produced a far stronger colorimetric response when the test 
ran for 24 h.  The color scale provided with this test produced results difficult to quantify 
with the human eye. 
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CHAPTER 3 
DETERMINATION OF ARSENIC IN SOILS USING THE  
GUTZEIT METHOD 
3.1 The Hach Kit: Testing Arsenic in Soil 
3.1.1 Introduction  
A method was developed to determine arsenic in soil using the Hach Arsenic Test 
Kit, a portable commercial kit designed to test arsenic levels in drinking water.  Soil 
samples taken from South Deerfield, Massachusetts were contaminated with varying 
concentrations of arsenic: 1, 2.5, 5, 10, 15, 20, 50, 100, 250, 500, 750, and 1000 mg kg-1.  
The Hach kits were run twice for 20 min, 30 min, 45 min, and 1 h with 0.05, 0.1, 0.5, 1, 
5, and 10 g of each of the concentrations of contaminated soil.  Each sample was weighed 
and dissolved in water that was placed in reaction vessels provided by the kit, producing 
a 50 mL solution.  The reagents included — sulfamic acid and powdered zinc — were 
added to the solution thus producing arsine gas, which the mercuric bromide test strip 
detected by turning darkening shades of yellow and then brown as arsenic concentrations 
increased.  The test strips were then organized by concentration and attached to a piece of 
paper, scanned in a printer, and saved as a digital image.  The colors on each test strip 
were analyzed for blue pixel counts using the computer program Colors.exe. 
In order to determine the efficacy of the Hach testing kit for measuring arsenic in 
soil, we experimented with three variables: mass (g), concentration (mg L-1), and time (t).  
It was hypothesized that the greater the mass and/or the higher the concentration, the 
more arsine gas would be formed.  From the performed experiments, it was found that the 
Hach kits were limited in detecting arsenic in soil at low masses (less than or equal to 1 g 
at 1 to 20 mg L-1 ) and also limited in detecting soil-based arsenic at high masses with 
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moderate to high As III concentrations (5 g to 10 g at concentrations greater than 10 mg 
L-1).  Overall, the experiments confirmed that as the mass and/or arsenic concentration of 
the soil was increased, Hach test results indicated increasing arsenic levels.  It was further 
determined that by increasing testing time with a constant mass and concentration, the 
Hach test results also detected increasing arsenic levels. 
As concentrations of arsenic in the contaminated soils increased, the blue pixel count 
of the color produced on the test strip decreased.  It was found that the most efficient 
detection resulted from using 0.1g of soil and running the test for 45 min. 
3.1.2 Arsenic and Health 
In developing countries like Bangladesh and West Bengal, India, groundwater, 
drinking water, and the soil used to grow crops tend to be contaminated with arsenic. 
According to Ahsan et al., “between 25 and 40 million people in Bangladesh have been 
exposed to arsenic from drinking water since at least the 1970s.”1    
People can be exposed to arsenic compounds in soil in several ways: inhalation of 
contaminated soil, soil ingestion, or from the consumption of crops grown in 
contaminated soils.2 In their risk analysis, Dudka and Miller3 determined that 
concentrations greater than 40 mg kg-1 soil arsenic are toxic to children.  Since 2005, the 
Agency for Toxic Substances and Disease Registry has stated that directly ingesting 
0.005 mg kg-1 day-1 of arsenic-contaminated soil may induce acute gastrointestinal 
symptoms such as vomiting or diarrhea, while ingesting 0.0003 mg kg-1 day-1may cause 
chronic dermal symptoms, such as skin discolorations.3 Soil-based arsenic puts children, 
particularly. at risk since they are likely to place their fingers in their mouths while 
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playing in or with the contaminated dirt, therefore ingesting, and possibly inhaling, 
arsenic-containing soil particles. 
As has been shown, 4 the Hach EZ Test kit can be an effective means of testing 
arsenic levels in water samples.  Since, it would be a great boon to many developing 
countries to have an equally effective and inexpensive means of testing soil samples, an 
attempt was made to vary the parameters used in the Hach kit to render it practical for 
soil analysis. 
3.1.3 Sources of Contamination 
Since arsenic is naturally found in the Earth’s upper crust at a concentration of 
about 6 mg/kg, arsenic soil contamination can occur via natural processes, such as 
weathering of rocks and minerals.5  The amount of arsenic species found in soils can 
range from as low as 0.01 mg kg-1 to a few hundred milligrams per kilogram.6 However, 
the primary source of arcenic soil contamination is by anthropogenic processes, such as 
smelting of copper, coal combustion, and using agricultural products such as pesticides 
and wood preservatives.7    
In developing countries like Bangladesh, analysis has shown that arsenic 
concentration decreases with soil depth.6 Testing has revealed that more than 75% of the 
groundwater used to irrigate soils in Bangladesh are As-contaminated, therefore, arsenic 
residue tends to accumulate on these surface soils, which may already contain arsenic 
species.7,8   Crops can then take up arsenic from the upper soil, thus increasing the risk of 
arsenic poisoning in the Bangladeshi people.9,10  
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3.1.4 Techniques to Measure Soil Levels of Arsenic 
It is vital to be able to measure and quantify arsenic levels in soil because one of 
the major sources of arsenic contamination in drinking water stems from arsenic-soil 
contamination.11  Soil-based arsenic can leach into water systems via runoffs, thus 
contaminating drinking water.  Dudka and Miller3 created a system for evaluating the 
toxicological hazard that soil-based arsenic presents to children by measuring, in mg kg-1, 
how much arsenic a given child ingests daily.  However, directly and accurately 
determining arsenic levels in soil is difficult without expensive equipment such as a 
recently developed laboratory method involving chromatographic separation of arsenic 
compounds and subsequent measurement by atomic emission spectroscopy.11 
3.1.5 Arsenic Speciation  
Arsenic levels are difficult to precisely measure because of the array of species 
that can occur within a sample.  Arsenite [As(III)], arsenate [As(V)], monomethylarsonate 
(MMA) and dimethylarsinate (DMA) are four common species.12 Arsenic must be 
separated from the organic complexes MMA and DMA before direct measurement, 
which so far requires laboratory equipment unsuitable for field work. 
3.1.6 The Hach Kit 
Although the Hach Kit is marketed as a field-portable device for testing arsenic 
in drinking water, but is not designed to test As concentrations in soil, this study found 
applications to soil analysis. This kit contains plastic vessels with a filler line at 50 mL, 
sealable caps, mercuric bromide (HgBr2) test strips, and two reagents: sulfamic acid 
(NH2SO3H) and powdered zinc (Zn).13 
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3.2 Methods 
3.2.1 Standards and Soil Preparation 
To create contaminated soil, 500 g of soil was first weighed on a balance.  In order to 
make a 1 mg kg-1 arsenic solution standard, 8.669 x10-4 g of sodium arsenite (AsNaO2) 
was weighed and transferred into a 500 mL volumetric flask.  The flask was then filled 
with deionized water to the mark.  A stopper was put on the flask and the solution mixed 
well through repeated inversions.  Then the arsenic solution was poured slowly onto the 
tray of soil and mixed with a gloved hand; the gloved hand was rinsed with the remaining 
solution.  After the soils had been uniformly mixed, they were placed inside an oven to 
bake at 250 ˚F for 24 h.  After baking, the soil was scraped out with a spatula into a 
plastic container.  By this process, spiking the measured soil with the 1 mg kg-1  arsenic 
solution, a concentration of 1 mg kg-1.  Eleven more batches of soil were created in the 
following standard concentrations of sodium arsenite (AsNaO2): 2.16 x 10-3 g (for 2.5 mg 
kg-1), 4.600 x 10-3 g (for 5 mg kg-1), 9.000 x 10-3 g (for 10 mg kg-1 ), 1.300 x10-2 g (for 15 
mg kg-1), 1.730 x 10-2 g (for 20 mg kg-1 ), 8.699 x 10-2 g (for 100 mg kg-1), 0.2167 g (for 
250 mg kg-1), 0.4334 g (for 500 mg kg-1), 0.6501 g (for 750 mg kg-1), and 0.8699 g (for 
1000 mg kg-1).  The procedure for making arsenic solution standards and spiking the soil 
was repeated for each concentration as indicated for the 1 mg kg-1 soil. 
3.2.2 Preparation for Reaction and Test Variables 
Soil is a complex matrix very different from water, so, to render a Hach kit 
capable of measuring arsenic in soil, modifications to the kit’s test procedure are 
necessary.  Three variables were investigated that might produce the required increase in 
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sensitivity to arsenic contamination: mass of the soil being analyzed, arsenic 
concentration, and duration of the test. 
For the first part of the experiment, the following masses were used: 0.1 g, 0.5 g, 1 g, 
5 g, and 10 g of soil . Using the soil from the 1 mg kg-1 As III concentration soil 
container, 0.1 g of soil was weighed into two weigh boats on the balance and labeled. 
Replicate sets of the same mass were measured for 2.5 mg kg-1 , 5 mg kg-1, 10 mg kg-1 , 
15 mg kg-1, and 20 mg kg-1  As(III) in soil.  To run the Hach kit, the test strip was first 
inserted into the cap with the mercuric bromide coating face down.  Then, the 
contaminated 0.1 g sample was transferred into the vessel by rinsing the sample tray with 
deionized water and filling each bottle up to the filler mark.  Next, sulfamic acid was 
added to the vessel and the vessel was swirled for 10 s.  Zinc was then added, followed 
by another 10 s of swirling, before capping the vessel.  The reaction ran for 20 min before 
the test strip was taken out and read.  This procedure was repeated for the replicate 
measure of 0.1 g soil and for the remaining five concentrations. The same procedure was 
used for the other four masses of soil as indicated above. 
For the second part of the experiment, 0.1 g and 0.05 g soil were weighed out. 
Replicate sets of 0.1 g soil were measured for following concentrations: 1 mg kg-1, 2.5 
mg kg-1 , 5 mg kg-1, 10 mg kg-1, 15 mg kg-1 , 20 mg kg-1, 50 mg kg-1, 100 mg kg-1 , 250 
mg kg-1, 500 mg kg-1, 750 mg kg-1 , and 1000 mg kg-1. These samples were run in 
replicates for 20 min. The procedure of running the Hach kits for 0.1 g soil was repeated 
for 30 min, 45 min, and 1 h. The same procedure was repeated for 0.05 g soil.    
3.2.3 Colors Analysis 
Given the limitations of human eyesight, computer-assisted analysis of reaction 
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strips using the Gutzeit method presents a potentially accurate quantitative tool.  The 
article, “An Improved Apparatus for Determining Microgram Amounts of Arsenic by the 
Gutzeit Method Using Computer-Assisted Data Processing”, by R. V. Abrazheev et al., 
describes a method for using a scanner and Photoshop software to analyze the colors 
formed in Gutzeit tests with mercuric bromide.13 In this approach, an image is scanned, 
the reacted sites are cropped, and each site’s color value analyzed via Adobe Photoshop.  
Trends in these values prove to be a viable way of differentiating concentrations. 
After the experiments were run, the reacted test strips were taped onto a sheet of 
paper and scanned using an EPSON scanner.  The resulting digital image of the test strips 
was cropped in pairs using Microsoft Paint, saved in jpeg format, and the reaction areas 
expanded so that each one could be analyzed as a homogenous color. The colors were 
analyzed by the Colors.exe program, which quantifies the number of red, green, and blue 
pixels in a digital photograph. 
In this case, Colors.exe counted the RGB of the expanded images.  It was shown 
that as the color of the reaction area darkened, less blue light was reflected, thus 
demonstrating a negative correlation between the arsenic level and blue values.  
Therefore, a negative slope was observed with consistent decreasing blue values in the 
graphs below. 
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3.3 Results 
Table 3.1: Results of concentration of arsenic versus average blue values for 
five different masses of soil 
Concentration                                      Mass  
      0.1 g     0.5 g      1 g       5 g      10 g 
mg kg-1                        Average Blue Values 
1     243.5     220.5     208.5     192.5     189.0 
2.5     241.5     222     166.5        85.0     106.5 
5     233.5     216.5     143.5        82.5       88.0 
10     225.5     158     119.0        11.0       15.0 
15     210.5     136        97.0        11.5       16.0 
20     204.5     100.5        85.0        11.0       16.5 
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Figure 3.1 Blue pixel count versus concentration of arsenic in mg kg-1 for five 
mass values at 1-20 reacted 20 min, 0.1 g (diamond), 0.5 g (square), 1 g 
(triangle), 5 g (x with a line), 10 g (x).    
In Figure 3.1, 0.1 g of soil demonstrated the most linear response and therefore 
proved the most sensitive mass for the Hach kit when running for 20 min at 1-20 mg kg-1 
concentrations.  Assuming 0.1 g is the most sensitive mass for the Hach kit, Figure 3.2 
shows that the optimum time for the Hach kit to run is 45 min at ≤ 250 mg kg-1 of As 
concentration. 
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Table 3.2 Results of concentration of arsenic versus average blue values for 0.1 
g soil at four time periods 
 
   Concentration                                      Time 
mg kg-1        1 Hr        45 Min       30 Min      20 Min 
            1       246.5           253 241       243.5 
            2.5       249.5 
  
253.5 217.5       241.5 
     5       248           254 209.5       233.5 
    10       218           241 206.5       225.5 
    15       206.5           221 193.5       210.5 
    20       198           204.5 164.5       204.5 
    50       119           137 152       196.5 
   100        78.5             89 105.5       127.5 
   250        54             54    98          82 
   500        51.5 
      
51.5            62          67 
   750        51.5             50.5            61   61 
 1000        50.5             56            73.5         58.5 
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Figure 3.2   Plot of concentration of blue pixel value versus arsenic for 0.1 
grams mass soil at 1-1000  mg kg-1for four time periods; 1 h (diamond), 45 
min (square), 30 min.(triangle),  20 min (x). 
In order to verify that 0.1 g of soil produces a more linear response than smaller 
quantities when using the Hach kit, a mass of 0.05 g of soil, as seen in Figure 3.2, was 
tested. 
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Table 3.3 Results of concentration of arsenic versus average blue values for 
0.05 g soil at four time periods 
    Concentration Time 
mg kg-1 
1 
Hr      45 min     30 min      20 min 
      1 
 
255       240.5        255        255 
              2.5 
 
255       239        255        255 
      5 
 
255       239.5        255        255 
    10 
 
253       230.5        255        255 
    15 
 
251       218.5        254        255 
    20 
 
246.5        221        254        255 
    50 
 
229.5        187        254        242.5 
  100 
 
135        134.5        233        233 
  250 
 
104          79.5          64.5        103 
  500 
   
69          75          14.5          34 
  750 
   
77          66          15          18.5 
1000 
   
54.5          71.5          14          14 
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Figure 3.3  Plot of concentration of arsenic in mg kg-1 versus average blue 
values for 0.05 g mass soil at 1 to 1000 mg kg-1for four time periods, 20 
min (x), 30 min  (triangle), 45 min. (square), 1 h (diamond). 
As previous experiments have demonstrated, as arsenic concentration increases, blue 
values decrease with an increase in time.  Figure 3.3, however, implies that 30 minutes 
provides the optimal time for the Hach kit to detect arsenic in 0.05 g of soil at a 
maximum As(III) concentration of 500 mg kg-1. 
3.4 Discussion and Conclusion 
The Hach kit’s efficacy for determining arsenic contamination in soil was tested.    
The ranges and limits of the Hach kit’s arsenic detecting ability were assessed through an 
assortment of soil testing procedures.  From January 2009 through May 2009, these 
experiments determined that the Hach kit is capable of measuring arsenic in soil samples 
at low masses, and that the optimal linear response appeared at 0.1 grams of mass.  It was 
further observed that the optimal time periods for running the Hach kit were 45 min for 
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arsenic concentrations equal to or below 250 mg kg-1, and 30 minutes when testing 0.05 
grams of soil with arsenic concentrations equal to or less that 500 mg kg-1 . 
Additionally, in testing for very low masses, considerable soil splatter on the test-
strip circles was observed, creating a potential confound in test accuracy. 
In conclusion, the Hach kit’s ability to test for arsenic in soil under field conditions 
was confirmed, although the test was rendered more accurate by increasing the quantity 
of material tested and increasing the test’s running time.  Further research and 
experimentation could be performed to design a colorimetric scale fully appropriate for 
testing arsenic concentrations in soil rather than water. 
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CHAPTER 4 
METHOD FOR DETERMINATION OF ARSENIC USING SILVER 
NITRATE 
4.1 Introduction 
This section deals with using silver nitrate as a reagent in arsenic determination and 
how it can be used as part of a field portable test kit. 
In the following experiments it was found that silver nitrate can produce a very clear 
response at concentrations of arsenic below 20 µg L-1.  By using a scanner and computer 
software as described in earlier sections, one can easily quantify the concentration by 
examining the color of the reacted product. 
Using silver nitrate as a reagent in the Gutzeit method is not a new idea since Ernst 
Gutzeit’s original technique called for passing the generated arsine gas over a silver 
nitrate crystal, which darkened the crystal in proportion to arsenic concentrations.  
Gutzeit then refined his method by replacing the crystal with a filter paper soaked with 
mercury (II) chloride, later replaced with mercury (II) bromide1, currently the most 
commonly employed color-changing reagent.  Both mercury salts produce shades of 
yellow when reacted with arsine gas. 
The precise mechanism of the reduction reaction between arsine and mercury (II) 
bromide is currently hypothetical, and the color-forming species generated are not fully 
understood.  Many the hypothesized chemical species formed between arsine and 
mercuric salts involve an arsenic-mercury bond, as shown in the aqueous reaction  
AsH3 (g) + 3HgBr2 (aq) →As(HgBr)3 (aq) + 3HBr  2 
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The products of the reaction of silver nitrate with arsine are unknown as well.  The 
resulting species formed has been predicted to have silver arsenic bonds.  This reaction, 
AsH3 (g) + AgNO3 (s) →AsAg3 (s) + 3HNO3, is described in the book Gas Analysis 3 
Arsine gas is a strong reducing agent resulting in color-forming reactions with mercury 
and silver salts.3 In this section’s experiments silver nitrate was used as an indicator, 
initially appearing as a clear deposit prior to reaction. After being reacted, its color 
altered with increasing arsenic concentrations from red to brown, then finally to black 
with a silvery sheen. 
4.2 Quantification Methods 
Two quantification techniques were used in the following experiments: luma and 
color.  Luma (Y’) represents the brightness component of an image, commonly referred 
to in image-editing software such as Photoshop as “luminosity.”  This is a non-linear 
summing function of the image’s RGB values4: a measurement incorporating aspects of 
human visual perception.  For example, the eye’s greater sensitivity to green than to other 
colors4 is reflected in the coefficients of the luma function seen in the equation below:  
Luma (Y’) = 0.299 R’ + 0.587 G’ + 0.114 B’ 
Equation 4.1 Luma function showing the red, green, and blue values. 
Color, in digital imagery, is the result of differing quantities of red, green, and blue 
(RGB) pixels.    
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4.3 Material and Methods 
4.3.1 Chemicals 
The reagents used for arsine gas generation were those provided with the Hach EZ 
Arsenic field kit: sulfamic acid (cat. 28229-99) and zinc (cat. 28230-99).  The silver 
nitrate and sodium arsenite used in solution preparations were laboratory grade chemicals 
produced by Fisher Scientific.  The 1% nitric acid used to make the silver nitrate solution 
was prepared from concentrated nitric acid from Fisher Scientific (UN 2031). 
4.3.2 Equipment 
The reaction vessels used were standard equipment provided by the Hach Company 
in their EZ Arsenic Test Kit.  The silver nitrate strips were created from Whatman 
number 3 filter paper.  All necessary measurements and dilutions were performed with 
Pyrex volumetric flasks and pipettes.  All water used for dilutions and solution 
preparation was deionized to 18 MΩ-cm by a Barnstead E-pure filtration system.  The 
strips were stored in Nalgene brown 125 mL screw top bottles.  Some qualitative 
observations were conducted with a Spencer Buffalo optical microscope. 
4.3.3 Initial Testing of Hach Kit with Silver Nitrate 
Gutzeit abandoned using silver nitrate because it proved inadequately sensitive as a 
reagent in its crystallized form.  However, its advantages over more toxic reagents 
suggest that an attempt to increase silver nitrate’s sensitivity might be worthwhile.  
Replacing the usual reagents on the test strips found in the Hach kit with a dried solution 
of silver nitrate seemed the most likely possibility of success. However, since there is no 
69 
published account of such an experiment, it was necessary to design a new methodology 
for these tests. 
All solutions were applied to Number 3 Whatman filter paper cut to 1 cm by 8 cm to 
fit in the Hach vessel’s cap.  After wet solutions proved ineffective due to silver nitrate’s 
reactivity to light, the impregnated strips were air-dried in a fume hood. 
The initial solution used was a 5% (m/v) aqueous silver nitrate solution.  Pictured 
below in Figure 4.2 is a photograph of a test result with a 5 µg L-1 As(III) solution, a 
concentration chosen to probe the basic reactivity of silver nitrate.  The results at 5 µg L-1 
were very promising as seen below: 
 
 Figure 4.1 5 µg L-1 Test Strip: Strong response generated by 5% AgNO3 
(aq) to a 5 µg L-1 As(III) sample. 
Such a powerful response generated by such a low concentration suggested that the 
silver nitrate solution could be diluted.  When this 5% silver nitrate strip was tested with 
more concentrated arsenic solutions, the spot turned black, and at high concentrations 
(>100 µg L-1), the spot had a silver sheen.  The goal was to find an AgNO3 concentration 
that would respond to a 5 µg L-1 solution of As(III), yet produce a differentiable reaction 
with a 10 µg L-1 solution. 
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Hundreds of tests were conducted to find an optimal silver nitrate concentration for 
the desired response with concentrations ranging from .05%(m/v) to 5%.  These 
experiments were conducted in the 0-20 As(III) µg L-1 range to assess the testing ability 
of the impregnated strips at low concentrations, a range where mercuric bromide, the 
standard reagent of the Hach Kit, is least sensitive.  The optimal response occurred with a 
.2% solution of silver nitrate. 
During the testing period, the AgNO3 solution’s stability proved problematical due to 
silver nitrate’s sensitivity to light and hydrides, a likely cause of some inconsistent test 
results.  Therefore, alterations needed to be made to achieve a dependable test strip. 
4.4 Experimental Design 
The experimental design was based on the existing vessel and reagents used in the 
Hach EZ Arsenic kit to insure portability and reliable hydride generation.  The goal was 
to make a silver nitrate strip that would function similarly to the Hach kit’s mercuric 
bromide strip showing distinct color gradations at low arsenic concentrations and having 
an adequate shelf life.5  Ideally, the new strips would be superior to the current ones in 
precise color formation at concentrations at or below 10 to 50 µg L-1  As(III), the present 
governmental sanctioned limits.6 To produce consistent results, the solution was applied 
to a restricted area of filter paper and at a constant volume. 
The Hach strip uses a small square of reagent-impregnated filter paper taped to a 
plastic backing.  The following experiments used the same plastic backing with the 
mercuric bromide matting replaced by a 1 by 1.2 cm piece of filter paper impregnated 
with silver nitrate.  After some trial and error, double-sided masking tape proved a 
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sufficiently inert yet strong adhesive for attaching the silver nitrate matting to the 
backing. 
4.4.1 Optimization of Test Strip Design 
To avoid the unfortunate tendency for silver nitrate to spontaneously or prematurely 
react, Le Chatelier’s Principle was applied in creating the reactant. The silver nitrate was 
prepared in a 1% nitric acid solution.  Nitric acid’s strong oxidizing properties insured 
that any silver (0) that disassociated in solution became oxidized to reform silver nitrate. 
This new solution, stored in an opaque container to prevent light exposure, proved to 
be much more stable than using an aqueous solution of silver nitrate thus eliminating the 
problems of immediate reaction during production and producing overnight stability. 
Initially, the soaked strips were air-dried in the open, leaving them susceptible to 
reacting with both light and air.  To eliminate these vulnerabilities, the strips were placed 
in an aluminum-baking sheet, each soaked with 10 µL of the silver nitrate solution, and 
placed in an oven at 70O C for thirty minutes.  Once removed, the strips were checked to 
eliminate any with reactants that weren’t a uniform white.  The dried strips were 
immediately stored in an opaque container containing a desiccant packet taken from a 
Hach kit. 
Strips prepared with this new methodology have lasted up to four months in storage.  
After four months, the strips turn a red-orange color around the edges that would 
compromise any test results. 
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4.4.2 Preparation and Testing of Strips 
Each test was run according to the Hach kit procedure: a test strip, protected from 
zinc or soil contamination in the solution by a cotton ball, was inserted into the rubber 
cap of the Hach vessel.  The vessel was filled to the line (~50mL) with the water to be 
tested and reagent packet 1 (sulfamic acid) and then packet 2 (powdered zinc) were 
added.  The cap was securely fastened and the mixture then swirled for a minute.  The 
Hach kit instructions request a 20-minute reaction time.5   However, these tests were run 
an extra 10 minutes to produce more consistent results. 
 
Figure 4.2 Hach Lid with Filter: Rubber top of the Hach vessel with cotton 
inserted to filter gases and protect the strips. 
The cotton ball shown in Figure 4.2 had a secondary purpose: to remove sulfides, 
which could induce an arsine-like response on the strip. The cotton was prepared with a 
few drops of a 10% lead acetate solution.  The prepared cotton was placed in the Hach 
vessel’s lid as seen in Figure 4.2.  Any hydrogen sulfide formed would then react with the 
lead acetate to form lead sulfide, preventing an inappropriate reaction since lead sulfide 
reacts with neither the mercuric bromide used on the Hach kit nor silver nitrate.7 Sulfides 
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are commonly present in groundwater at concentrations ranging from 0-70 µg L-1, and 
are generally formed by sulfate-reducing organisms.8 Therefore, such filtering is crucial 
to test real-world groundwater matrices. 
4.4.3 Experimental Procedure Initial Strip Testing 
In the initial tests, the new strips were preformed to confirm the performance of the 
new optimized design.  Concentrations of 5, 10, and 20 µg L-1 were tested, with at least 
ten results from each.  The reacted strips produced visually different colors for each 
concentration.  These strips were digitally analyzed with the Colors.exe program as 
described in earlier sections.  Initial tests confirmed the performance of the optimized 
design. 
4.4.3.1 Batch Testing 0-100 µg L-1 
Tests were run at concentrations ranging from 0 to100 µg L-1.  The As(III) solutions 
tested were all prepared from the same 10,000  mg L-1standard, made from sodium 
arsenite in deionized water.  The 10,000 mg L-1 solution was diluted to make 100 mg L-1 
and 1 mg L-1 standards, which were used to make all the arsenic solutions.  All 
measurements were made with volumetric pipettes and flasks. 
One liter of each concentration was prepared for testing.  The concentrations tested 
were; 0, 2.5, 5, 10, 20, 40, 50, 60, 80, and 100 µg L-1.  Each test was run twice.  The same 
silver nitrate standard solution was used to prepare all the test strips.  Five tests were run 
at a time. After 30 minutes, the strips were removed, taped to a piece of white paper, and 
scanned as seen in Figure 4.3.  Images were scanned with an Epson 1280 Photosmart at 
600 dpi and a 24-bit color scale.  Images were saved as jpeg files for processing. 
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Figure 4.3 50 µg L-1 Test Results: Scanned image of three 50 µg L-1  
test results. 
Images were subsequently cropped in preparation for digital analysis. 
Green tape adjacent to the strips was used as a reference to see if color readings 
varied by location on the scanner bed.  Strips were placed on all four corners of the 
scanner bed to assess any changes in RGB values.9 It was found that such changes were 
too negligible to significantly interfere with digital color analysis. 
4.4.3.2 Treatment of Results 
Scanned images of the batch test results were uploaded into Microsoft Picture 
Manager.  The resulting images were centered on the spot and cropped to a standard size.  
The cropped images were labeled according to the arsenic concentration tested and then 
exported to Adobe Photoshop for analysis.  The next section details the procedure for 
analysis and treatment of digital images. 
4.5 Analysis of Digital Images 
4.5.1 Software Used for Analysis 
After Microsoft Picture Manager was used to crop all scanned images to a standard 
size, the cropped images were processed with Adobe Photoshop, version CS4.  Microsoft 
Excel was used to make calculations, tables, and graphs. 
The initial image analysis was done as in previous sections with Colors.exe, coded in 
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Visual Basic, developed by Mathews, Landmark, and Stickle for their work involving 
colorimetric determination of starch.10  This program was specifically designed to read 
the RGB values in an image and display them as seen in Figure 4.4.  The program 
operates by generating a composite color of a sampled area and then analyses the RGB 
content of that composite.  Colors.exe was made available at no cost by Mathews et al. 
with an Internet link posted in the supplemental section of their paper “Quantitative 
Assay for Starch by Colorimetry Using a Desktop Scanner.”10  
 
Figure 4.4 Colors.exe: The Colors.exe program determining the RGB values of 
a 20 µg L-1 test strip.  
The generated composite color is seen just below the RGB readout, and 
hexadecimal value. 
4.5.2 Hardware 
The computers used for scanning and cropping images were Dell desktop computers 
with Microsoft Windows XP operating systems and Microsoft Office suites.  Scanning 
was also done on a Dell computer with an Epson scanner and Epson scanning software.  
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Data processing and compilation was achieved using a 13” Apple Macbook running an 
OS X 10.5.5 operating system with a 2.4 GHz processor and Parallels software to run 
Colors.exe, a Windows-specific program.  Adobe Photoshop was installed on the 
Macbook computer, as were Microsoft Offices suites, the two programs used for 
processing and analysis. 
4.5.3 Initial Analysis with Colors.exe 
 Once the silver nitrate strips were optimized, arsenic concentrations from 0-20 µg 
L-1 (0, 5, 10, 20 µg L-1) were tested using the optimized strips.  Results were scanned and 
prepared as described earlier in this chapter to see if the optimized test strip could offer 
the color-forming qualities needed to match or improve the Hach kit’s performance. The 
Colors.exe program, using the previously described changes in RGB values as arsenic 
concentration increases, assessed the sensitivity of silver nitrate as a reactant. 
The cropped images of the reacted test strips were uploaded into Colors.exe and the 
RGB values for each color then entered into a Microsoft Excel spreadsheet.  Excel was 
used to average the R, G, and B values for each component.  Plots of each color 
component vs. concentration were also made in Excel to determine which component 
provided the best response to the concentration changes.  With silver nitrate as a reactant, 
the red component proved the most responsive. Standard deviation and confidence 
intervals were calculated to check the likely validity of results. 
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4.5.4 Analysis of Batch Test with Photoshop 
After the optimized test strips proved successful, large batch tests were conducted 
across a wider range of concentrations and including more test results for each 
concentration.  In these experiments, reacted strip colors were analyzed by Adobe 
Photoshop rather than Colors.exe to provide more color data.  The procedure for running 
the batch tests and preparing the images has been described in the previous section. 
Cropped images were opened in Photoshop and a variety of measurements entered 
into Excel spreadsheets.  With silver nitrate as a reactant, Colors.exe had found red the 
most concentration-dependent element; therefore the red values were the first to be 
recorded into a spreadsheet to probe the sensitivity of low concentrations.  In analyzing 
the cropped images, Photoshop provided the average pixel value, standard deviation, and 
the number of pixels sampled. 
A more thorough analysis was achieved by recording red, blue, and green values to 
assess luminosity, average RGB, and color values for the entire file of cropped images.  
From these spreadsheets, Excel generated standard deviations for further statistical 
analysis.  Excel also produced graphs displaying the luminosity, average color, and red 
values as arsenic concentration varied.  These graphs represent calibration curves for 
arsenic reaction with the optimized silver nitrate strips. 
4.6 Results and Discussion 
4.6.1 Results of Initial Analysis with Colors.exe 
Using the optimized strips, ten tests were run at arsenic concentrations of 0, 5, 10 
and 20 µg L-1, and the results, following the procedure described previously, analyzed by 
Colors.exe. The R, G and B values of the tested strips were entered into Microsoft Excel 
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to determine which color component(s) proved most sensitive to variations in 
concentration.  Figure 4.5 plots the calibration curves.  Table 4.1 displays the average 
values for each component. 
Table 4.1 Average RGB values 
 5 µg L-1 10 µg L-1  20 µg L-1 
Red 243.875 233.58 222.75 
Green 226.500 208.54 197.50 
Blue 167.041 130.50 128.75 
From these initial calibration curves, two components show linear trends: red and 
green.  These linear trends suggest that the test strip produced a quantifiably different 
color as the sample’s arsenic concentration increased.  Using 95% confidence intervals 
based on the outcome of initial experiments, these RGB values were assessed for 
overlapping ranges.  Table 4.2 displays these intervals. 
Table 4.2 95% Confidence Intervals for initial tests 
 5 µg L-1 10 µg L-1 20 µg L-1 
Red (240.8, 246.13) (229.3, 237.7) (219.8, 225.6) 
Green (220.8, 232.1) (202.4, 214.8) (191.7, 199.2) 
Blue (153.4, 180.6) (121.3, 139.7) (121.5, 135.9) 
The intervals for the red and green components do not overlap 95% of the time, as 
seen on Table 4.2.  This suggests that these two components are a reliable means of 
differentiating concentrations, and results falling outside these intervals would imply a 
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false positive or false negative reading.  However, from this data it appears likely that the 
silver nitrate formula used in these tests is a valid indicator of arsenic concentration. 
To validate results from the Colors.exe software used for this initial examination of 
the test strips, the same data set of cropped images from reacted test strips was analyzed 
with Adobe Photoshop.  Photoshop’s results differed negligibly from that of Colors.exe.  
This implies that Colors.exe or similar software can be an inexpensive and reliable 
alternative to using Adobe Photoshop.  The Colors.exe program could easily be improved 
to calculate luminosity since it already generates all needed values.  Digital analysis in 
the field should be practical using a laptop computer, software such as Colors.exe, and a 
portable scanner. 
4.6.2 Results of Batch Test Analysis with Photoshop 
The use of Photoshop for analysis provides several advantages.  For each 
measurement taken, Photoshop can generate a histogram, categorizing data to allow for 
statistical evaluation.  Photoshop will also automatically measure luminosity and color 
values.  These properties can be useful as research tools, but would not be necessary 
components of a field portable arsenic-testing kit. 
The red, green, luminosity and colors components of tests run with 0, 2.5, 5, 10, 20, 
40, 50, 60, 80 and 100 µg L-1 arsenic concentrations were measured with Photoshop and 
recorded in Excel.  The blue component was not recorded as initial results showed no 
significant change after 10 µg L-1.  Figure 4.5 plots the average values for these four 
components. 
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Figure 4.5 Plot of blue pixel value versus concentration of arsenic in water in 
µg L-1 calibration curves for batch test results with the measurement of 
arsine gas with silver nitrate as a reagent. 
Connecting the data points in Figure 4.5 produces curves that flatten after 20 µg L-1. 
This effect was visually apparent in the strips; the colors formed from 20 – 100 µg L-1 
were nearly identical and showed inconsistent results at high arsenic concentrations. This 
resulted in higher standard deviations than those occurring in the lower concentrations. 
The most significant aspect to these curves is their steepness and linearity from 0 – 
20 µg L-1, demonstrating easily distinguishable color formations at these crucial low 
concentrations.  Even at the concentration of 2.5 µg L-1, the strip’s color is visibly 
different than the color at 5 µg L-1.  Since current field kits have poor accuracy at such 
low concentrations, these results with silver nitrate show promise for practical field-
testing. 
Comparing the above calibration curves with those obtained from current field kits, it 
is clear that silver nitrate is a superior reactant to mercuric bromide when testing in the 0 
– 20 µg L-1 arsenic range. However, the calibration curves from the Hach Kit 
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demonstrate superior sensitivities with higher arsenic concentrations, showing linear 
results from 20 - 100 µg L-1.    
In the following section, statistical analysis of the silver nitrate technique was 
conducted to determine if the average component values had sufficient differences to 
accurately predict concentrations. 
Figure 4.6 portrays the results of tests from a range of concentrations for both the 
silver nitrate test strips and the Hach Kit. 
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Figure 4.6 Comparison of images of test results: Images of 2.5, 5, 10, 20 and 50 
µg L-1 test results in increasing order for comparison. 
The second row of images display results from the Hach test kit. 
Results for the Hach kit are barely visible at 10 µg L-1 but become clearer at 20 and 
50 µg L-1.  When the Hach kit is run for longer intervals, the color results become more 
distinct at low concentrations. 
4.6.3 Statistical Analysis of Batch Test Results 
After the silver nitrate strip results were analyzed with Photoshop, it was confirmed 
that the data was linear with respect to concentration vs. signal.  Photoshop’s generated 
histograms showed normal RGB distributions around the means; therefore, normal 
probability distributions could be used to make statistical calculations.  The hypothesis 
was tested that the mean luminosity values of the reacted colors would be different at 5 
µg L-1 and 10 µg L-1of arsenic.  This was calculated at a 95% level of confidence or α = 
.05 to determine if a significant difference exists between results from these two 
concentrations, a clear method of evaluating the silver nitrate strips’ performance. 
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Table 4.3: 95% Confidence intervals for the difference of the mean values. 
 0-2.5 µg L-1  2.5-5 µg L-1   5-10 µg L-1  10-20 µg L-1  20-40 µg L-1 
Red    4.2, 5.8     6.1, 8.9 11.89, 16.2   8.9, 14.45   -0.6, 8.8  
Green   7.8, 15.8  11.7, 22.7  20.2, 30.2  4.05, 11.4   -2.8, 7.8 
Luminosity  12.9, 19.1  11.5, 21.5  12.1, 20.5  10.8, 18.4   -3.3, 5.9 
Colors  22.4, 33.6       7, 22   19.7, 32.1    6.7, 15.5   -3.7, 5.3 
 
To make the calculations above, all of the data was taken from a set of n = 20.  Since 
all of the data behaved normally tα/2 = 2.02 was obtained from t-tables for 38 degrees of 
freedom (df = n+n-2).  The calculation for the difference interval between two means 
would be of this form: ( xavg1 – xavg2) ±2.02 ( s12/n + s22/n)1/2 where s1 and s2 are the 
standard deviations of the two averages being subtracted. 
Table 4.3 confirms that the strips tested from 0 – 20 µg L-1 show distinguishable 
colors.  This can be seen because none of the difference intervals from 0 – 20 µg L-1 
contain zero, which suggests that at a level of 95% confidence, the R, G, luminosity and 
color values do not overlap.  The 20-40 µg L-1 intervals all contain zero, implying that 
these concentrations do not show significantly different values and therefore would not 
be differentiable. 
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CHAPTER 5: 
DETERMINATION OF ARSENIC WITH MOLYBDENUM BLUE CHEMISTRY 
5.1 The formulation of Molybdenum Blue  
5.1.1 Introduction  
An attempt was made to modify the molybdenum blue method developed by Dhar et 
al.1 by varying the molar concentration of reagents.  This method only produced the 
desired reaction when the color reagents were combined in a specific order and never 
fulfilled the World Health Organization’s requirement of sensitivity at 10 µg L-1 arsenic 
concentration.  Still, the reaction yielded a spectrum of blue shades for different 
concentrations of arsenate. 
The method developed by Dhar et al.1 involves procedures difficult to perform under 
field conditions; therefore, it is desirable to find ways of simplifying these procedures.  
For example, ammonium molybdate is reluctant to dissolve in water, requiring 
considerable shaking by hand, or a sonicator, or heating to produce an acceptable 
solution.  It was found that a dilute solution of ammonium hydroxide could greatly 
increase the solubility of the ammonium molybdate without significantly impairing the 
solution’s color formation ability.2  
5.1.2 Experimental Temperature 
Many methods of arsenic detection utilizing the molybdenum blue reaction require 
heating the reagents or the sample for the reaction to proceed at a reasonable rate.  These 
methods often use flow injection, which necessitates that the reaction occur quickly 
enough for the blue complex to form by the time the injected sample reaches the detector.  
While heating reagents is simple in the lab, it can be difficult and time consuming in the 
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field. Since the ultimate goal of this research is to provide a field portable method, 
procedures requiring heating were rejected. 
5.1.2.1 Flow Injection vs. Batch 
Almost all molybdenum blue methods require a spectrophotometer.  In general, the 
price of spectrophotometers rises with their ability to detect a wider range of 
wavelengths.  For a more affordable and therefore more practical spectrophotometer to 
produce an accurate analysis, a means of enhancing the reaction result is needed.  One 
technique is to apply a flow injection manifold.  Flow injection is a useful, accurate lab 
technique, but the equipment is fragile and would be tedious to set up at every new test 
location.  Therefore, whenever a chosen detection system normally utilizes this 
technique, a batch method was used to replace the flow injection manifold. 
5.1.2.2 Experiments with Molybdenum Blue  
Four methods were chosen; Chapter 5.2 will describe them and their results.  Section 
5.3 will compare methods showing initial promise to determine those with superior limits 
of detection.  Section 5.4 will discuss any modifications made to the chosen method.  
Finally, Section 5.5 will discuss an experiment with results suggesting the potential 
usefulness of further research along these lines. 
5.1.2.3 Reagents and Apparatus Reagents 
Standards of arsenate and phosphate used in these experiments were sodium arsenate 
from J.T. Baker Chemical Co. [Na2HAsO4 · 7H2O] and sodium phosphate from Fisher 
Scientific [Na3PO4 · 12H2O].  Components of the color reagents common to all the 
methods were ammonium molybdate (VI) tetrahydrate [(NH4)6Mo7O24 · 4H2O] from 
Aldrich Chemical Company 22-123-6 and l-ascorbic acid [C6H8O6] from Sigma Aldrich 
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CAS SO81-7.  The catalysts used were antimony potassium tartrate from Fisher 
Scientific 723833 [K(SbO)C4H4O6 · ½ H2O] and bismuth subnitrate [Bi5O(OH)9(NO3)4] 
from Analabs Inc, TLS-008.  The sulfuric acid [H2SO4] used in most of the methods was 
from Fisher Scientific A300SI-212.  The color reagent developed by Li et al.3 required a 
few other reagents that none of the other methods required: ammonium hydroxide from 
Fisher Scientific [NH3OH] A6695-212, edentate disodium [C10H14N2Na2O8 · 2H2O] from 
DOW- Versene NA 23236, and nitric acid [HNO3] from Mallinckrodt Chemicals 2704-
44.  Finally, the surfactant used in the later experiments was Triton X-100 
[C14H22O(C2H4O)n] from the Aldrich Chemical Co. Inc. 23,472-9. 
5.1.2.4 Apparatus 
Since the purpose of this research was to find a method that was simple and did not 
require very expensive instrumentation, the sole instrument used in this lab was the 
double-beamed Perkin Elmer UV/VIS Spectrophotometer Lambda 20. 
5.1.2.5 Visible Spectra of the molybdenum blue  
 
Figure 5.1 Absorbance versus wavelength for molybdenum blue reacting with 
100 µg L-1 of As(V) reacted for 70 min. 
5.1.2.6 Four Methods 
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The first method selected for modification in these experiments was reported by 
Murphy and Riley4 in 1962, the second by Jones et al.5 in 1991, the third method by Li et 
al.3 in 1995, and the final one reported by Antony et al.6 in 2002.  All four techniques 
utilize the Molybdenum Blue method for the detection of, and determination of, the 
concentration of arsenate or phosphate in water.  One of the criteria for choosing 
procedures was accuracy at room temperature. Another was that no heating of either 
samples or reagents was involved.  Also, in the interest of finding a method that is both 
rugged and field portable, all flow injection procedures were converted to batch methods. 
All these methods call for making a multi-component reagent that is added to a 
sample of arsenate in water, causing a color to form.  The only differences between these 
methods are the molar concentrations of the reagents and the choice of reagents.  The 
ultimate goal was to find a method that is accurate at arsenate concentrations below 10 
mg L-1 — the level that is considered non-toxic by the World Health Organization and 
the U.S. Environmental Protection Agency — and can be used by people lacking an 
extensive scientific education. 
5.1.2.7 Murphy and Riley  
The oldest of these chosen analytical methods was developed by Murphy and Riley3 
for detecting phosphate.  This method mixed sulfuric acid, ammonium molybdate, 
ascorbic acid, and antimony potassium tartrate, in that order, to make the color reagent. 
The Dhar et al.1 method uses identical components but in different concentrations, and 
these  are combined in a different order.  In their method, Murphy and Riley suggested 
making bulk quantities of all reagents, except the ascorbic acid solution, which was to be 
prepared as needed. 
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The solutions for the following experiments were made at the following 
specifications, but at 1/5 the quantities: 70 mL concentrated sulfuric acid into 500 mL 
deionized water, the final concentration is 5 M; 20 g ammonium molybdate in 500 mL 
deionized water; 1.32 g ascorbic acid in 75 mL deionized water, made fresh every day; 
0.2743 g antimony potassium tartrate in 100 mL deionized water.  The reagents were 
mixed, in order, as follows: 125 mL sulfuric acid with 37.5 mL ammonium molybdate, 
pour in the 75 mL ascorbic acid and 12.5 mL antimony potassium tartrate.  The solution 
keeps for at least two days if kept refrigerated when not in use. 
When reacting with sample, 40 mL of sample mixed with 8 mL of mixed reagent and 
2 mL of water.  This procedure was scaled down so that 4 mL of sample reacted with 0.8 
mL mixed reagent and made up to 5 mL with 0.2 mL water.  This was only a lab 
procedure meant to minimize hazardous waste, in the field, when water samples will be 
abundant, the full 40 mL can be used and may prove better for naked-eye detection. 
5.1.2.8 Jones et al. and Murphy and Riley  
The methods developed by Jones et al.5 and by Dhar et al.1 were based on the 
chemistry used earlier by Murphy and Riley.4  In fact, the Jones et al. approach was 
essentially an optimization of Murphy and Riley’s technique for the determination of 
phosphate in water. 
While Murphy and Riley relied on a batch method for testing, Jones et al. used a 
more sensitive flow injection system designed for measuring arsenate concentrations 
rather than phosphate.  To accomplish this, Jones et al. reduced the concentrations of the 
reagents sulfuric acid and ammonium molybdate, and also, diluted the completed color 
reagent with deionized water. 
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The coloring reagent was made as follows: 125 mL of 0.75 M sulfuric acid mixed 
with 37.5 mL of 2.5% w/v ammonium molybdate.  To this 75 mL of 17.6 g/l ascorbic 
acid and 12.5 mL of 2.743 g/L antimony potassium tartrate were added.  The reagents 
were diluted with 530 mL of deionized water.  The result was a 780 mL solution of color 
reagent. 
5.1.2.9 Li et al. 
The methods developed by Li et al.3 and Antony et al.6 were similar to each other 
and very different from the method developed by Dhar et al.1  The first two methods, 
originally developed as flow-injection procedures, were converted to batch methods in 
the experiments described in this chapter.  These two procedures were the most recently 
developed of the four chosen and both use bismuth nitrate as a catalyst rather than 
antimony potassium tartrate, the catalyst used by Dhar.  Since bismuth nitrate [Bi(NO3)3 · 
H2O] was not available, bismuth sub-nitrate [Bi5O(OH)9(NO3)4] was substituted, with the 
quantity recalculated to compensate for the increased proportion of bismuth. 
The arsenate-detecting technique developed by Li et al. is the most involved of the 
four methods tested.  The first step was to dissolve 0.94 g of ammonium molybdate in 
150 mL of concentrated nitric acid.  The reactants were added individually in the 
following order: 2.81 g of ascorbic acid, 9.40 mL ammonium hydroxide, 5.40 mL 10% 
bismuth sub-nitrate, and finally 0.014 g EDTA.  The solution was then diluted to 250 mL 
with deionized water. 
Li’s use of nitric acid rather than sulfuric acid is a unique feature of this method.  
Also, this is the only method in which a base was used or which required EDTA in the 
formation of the color reagent.  It is unclear how EDTA, a chelating agent, aids the color 
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reaction or how a base, ammonium hydroxide, functions in the solution. 
5.1.2.10 Antony et al. 
Although Antony et al.6 and Li et al.3 used a similar chemistry, Antony’s method was 
far simpler, and therefore would make a more practical field method.  1.25 g ammonium 
molybdate was dissolved in 48 mL of 9 M sulfuric acid.  Then 1.9 g ascorbic acid was 
added, and finally 12.5 mL of 10% bismuth sub-nitrate.  The solution was diluted to 250 
mL with water. 
5.1.2.11 Murphy and Riley 
With the exception of the ascorbic acid, which degrades when stored in solution, the 
reagents can be made in advance.  The mixed reagent was odorless and light yellow in 
color. 
As seen in Figure 5.3, color development was linear, but slows for both the 1 mg L-1 
phosphate and arsenate solutions.  Once color formation began, it gradually darkened to a 
dark, uniform blue.  As(V) took notably longer to develop color than the P (V), however, 
the final result with both solutions was equally dark. 
5.1.2.12 Jones et al. 
Before dilution, the color reagent was bright yellow, which turned almost colorless 
after dilution.  The dilution was specified in the flow injection method and therefore 
maintained for the batch method.  Lacking addition specifications for relative amounts of 
mixed reagent to sample, a 1:1 ratio was used. 
To test the method, 2.5 mL of 1 mg L-1 phosphate and arsenate solutions were mixed 
with 2.5 mL of color reagent.  For the phosphate sample, color development was gradual, 
and the final result was a medium shade of blue.  The color reaction took longer to begin 
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with the arsenate solution and never darkened to the same degree. 
5.1.2.13 Li et al. 
The HNO3 clouded when ammonium molybdate was added and the ammonium 
molybdate would not dissolve completely, forming a yellow precipitate.  The solution 
turned bright yellow and began emitting vapors when ascorbic acid was added.  Adding 
NaOH increased the release of vapors, which ceased when the solution was diluted with 
250 mL of water.  The 0.014 grams of EDTA then added had no discernable impact on 
the solution. 
Li’s mixed reagent failed to react with the 1 mg L-1 arsenate sample.  To determine if 
this failure was a result of converting a flow injection method to a batch method, the 
reagent was tested with Li’s technique of using a flow injection manifold and adding a 
solution of 1.2 w/v Triton X-100, a detergent/surfactant intended to make the color 
stronger.  Initial results of adding Triton X-100 to a solution of 5 mL of color reagent and 
5 mL of 1  mg L-1arsenate solution also failed to produce the desired blue color. 
5.1.2.14 Antony et al. 
While the method developed by Li et al. involved adding ammonium molybdate to 
nitric acid, the method developed by Antony et al. dissolved the ammonium molybdate in 
sulfuric acid.  This difference proved to be significant since the ammonium molybdate 
dissolved readily and completely in the sulfuric acid.  Upon adding ascorbic acid, the 
solution turned dark blue; however, with the addition of bismuth sub-nitrate, the solution 
turned yellow-green with a white precipitate and it emitted orange vapors.  These vapors 
ceased when the solution was diluted with deionized water whereupon, the solution 
turned a milky pastel green.  When left undisturbed, a white precipitate appeared.  When 
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reacted with 1 mg L1 samples of arsenate and phosphate no color development was 
observed. 
5.1.3 Selecting a Method 
Since neither nether Li’s methodology nor Antony’s produced the desired reaction, 
the two remaining methods were tested to see which had the lowest limit of detection and 
therefore might be most practical for field use. 
5.1.3.1 Jones et al. vs. Murphy and Riley 
To compare the sensitivities of Jones’s method and Murphy and Riley’s, samples of 
1 µg L-1, 5 µg L-1, 10 µg L-1, 25 µg L-1, 50 µg L-1, 75 µg L-1, 100 µg L-1, 500 µg L-1 and 1 
mg L-1 of arsenate and phosphate were made. These samples were reacted with the final 
color reagents required of each method.  Each concentration was tested in triplicate and 
measured with a UV-Vis spectrophotometer at 882 nm using a reagent blank as a control. 
Jones et al. samples were made by reacting 2.5 mL of arsenate or phosphate with 2.5 
mL of color reagent, while Murphy and Riley samples were made by reacting 4 mL of 
arsenate or phosphate with 0.8 mL of color reagent and 0.2 mL of deionized water.  
While the water may be insignificant in color formation, Murphy and Riley’s method, 
which involved testing 40 mL of sample, included adding 2 mL of water.  To assure 
proportionality in lab results, 0.2 mL of deionized water was used in the experiments. 
5.1.3.2 Results for Jones vs. Murphy and Riley 
For both methods, the arsenic samples generally showed a weaker response than the 
phosphate samples.  Both methods gave a good gradient of blues that darkened as the 
concentrations increased.  The Jones limits of detection proved to be 10 µg L-1 for As(V) 
and 25 µg L-1  for P(V).  The Murphy limits of detection were 5 µg L-1 for As(V) and 10 
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µg L-1 for P(V). 
In this experiment, Murphy’s method produced a quicker response than Jones’s 
method, and the Murphy samples displayed a smaller standard deviation in absorbance. 
In addition, the Jones et al. color reagent turned blue after a few hours while other 
formulas proved more stable.  Murphy and Riley’s reagent, in comparison, turned red or 
orange, but only after 24 hours. 
Since the blank samples made from Jones’s formula turned blue within the time a 
field test would likely require, this developed color was used as a reference for the double 
beam UV-Vis spectrophotometer and its value subtracted from the absorbance readings 
for the Jones portion of the experiments.  The reagent blanks had an absorbance of 
0.1301 when referenced against deionized water. 
Since Murphy-Riley’s technique proved the more sensitive method, it was used in all 
further experiments. 
5.1.3.3 Use of Triton X-100 
In the Li et al. flow injection procedure, Triton X-100, a detergent reported to aid in 
color development, was added after mixing the sample and the color reagent.  While it 
had no discernable effect in the Li experiment discussed above, it remained possible that 
Triton X-100 could increase the absorbance of samples using Murphy and Riley’s 
method. 
Triton X-100 solution was made to Li’s specifications and samples were measured at 
both 882 nm and 700 nm, the peak color absorbances reported by Murphy-Riley and Li, 
respectively.  Two replicates of arsenate and phosphate at 1 µg L-1, 5, µg L-1 10 µg L-1, 
25, µg L-1 50, µg L-1 75 µg L-1, 100 µg L-1 were reacted with color reagent; reagent 
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blanks were also tested. Ten minutes later, the Triton X-100 was added and left to react 
for 5 days. 
After this initial test, Triton X-100 proved to increase the color absorbance of all 
samples. 
Amount of Triton X-100 and Development Time 
Once it was determined that the addition of Triton X-100 did increase color 
absorbance, an experiment was run to find the optimal amount of detergent needed to 
enhance a Murphy-Riley reaction.  Absorbances were again measured at 882 and 700 nm, 
with 0.5 mL, 1 mL, 1.5 mL, 2 mL, 2.5 mL, and 5 mL added to a sample of 10 µg L-1 
As(V) mixed with color reagent. 
Samples of 10 µg L-1 arsenate with the mixed reagent added, but without Triton X-
100, were prepared simultaneously and tested at one-hour intervals for five hours, then at 
24-intervals for five days.  Absorbances were recorded at 882 nm. 
5.1.4  Results 
5.1.4.1 Effect of Triton X-100 
While Triton X-100 did increase the color absorbance at all concentrations of 
arsenate and phosphate, it unfortunately also turned the reagent blanks blue, creating an 
opportunity for false arsenate determination.  The detergent worked better for As(V) 
samples than for P(V) samples; however, it reduced the sensitivity of the Murphy-Riley 
method at low concentrations.  The Triton X-100 proved more effective at certain sample 
concentrations and proved particularly quick to enhance color absorbance with 25 µg L-1 
of phosphate and 75 µg L-1of arsenate, although absorbances never exceeded expected 
levels.  882 nm was observed to be the better wavelength for measuring absorbance. 
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5.1.4.2 Amount of Triton X-100 
The absorbance readings peaked at 2 mL of detergent into 100 mL of reacted sample 
for both 882 nm and 700 nm, with higher absorbances for 882 nm, as noted above. 
As suggested by Li et al, 1.2% w/v Triton X-100 was used and absorbance was 
measured at 700 and 882 nm.  Figure 5.1 shows that the absorbance at 882 nm was 
uniformly larger than the absorbance at 700 nm.  Here, the quantity of Triton X-100 used 
followed the detergent to arsenate ratio used by Li et al.: in this case, 4 mL arsenate 
solution, 0.8 mL color reagent and 0.2 mL deionized water.  Since Triton X-100 is an 
organic surfactant, using a more concentrated solution would reduce the dilution factor, 
and therefore might alter the reaction, as the surfactant could form micelles in high 
concentrations.  Figure 5.2 demonstrates the absorbance peaks at 2 mL of added Triton 
X-100. 
   
Figure 5.2 Plot of absorbance versus volume of Triton-X 100 in mL    
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5.1.4.2 Calibration curve 
The final experiment done was a calibration curve of the method developed by 
Murphy-Riley.  Concentrations of arsenate between 1 µg L-1 and 10 µg L-1were added to 
the completed color reagent and allowed to react for 2 hours.  Absorbance results are 
shown in Figure 5.3.    
 
Figure 5.3 Calibration curve of absorbance versus concentration of arsenate in 
µg L-1 µg L-1 for reactions of molybdenum blue formation allowed to react 
for two hours. 
5.1.5 Discussion 
The samples were measured after developing for two hours and three hours.  Figure 
3.3 demonstrates that this modified Murphy-Riley method has great potential.  In other 
studies, the lowest concentration at which Murphy and Riley’s method produced 
consistent absorbance in three replicate measurements was 5 µg L-1.  This graph suggests 
that the refinements in chemistry applied to this method could produce a technique with 
even greater sensitivity.  The graph also shows a nearly linear absorbance increase with 
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increases in concentration, a necessity for accurate testing. 
5.1.6 Conclusion 
Of the four methods tested, Murphy and Riley’s was found to have the lowest limit of 
detection for arsenate: 5	  µg	  L-­‐1.  This method when modified as described previously 
detected 1 µg	  L-­‐1 arsenate after an hour of reaction time.  The resulting colors, when 
analyzed with a UV-Vis spectrophotometer, showed a linear correlation between 
concentration and absorbance between 1 and 10 µg	  L-­‐1	  of arsenate.  Absorbances peaked 
two hours after the color reagent was mixed with the arsenate solution.  Although the 
peak absorbance was in the infrared range, as reported by Murphy and Riley, the peak in 
the visible range was sufficient to enable naked eye detection at higher concentrations of 
arsenate. 
5.1.7  Future Work 
5.1.7.1 Dyes 
As mentioned in previous sections, visually detecting arsenate using the 
molybdenum blue effect poses a challenge: it can be difficult to distinguish between the 
similar faint shades of blue resulting from testing at low concentrations.  One solution 
might be to add a sensitive dye that would bind to the molybdenum blue complex, 
moving the peak absorbance of the complex from the infrared to the visible range. 
This concept has been proposed by several research groups.7-9  However, an 
appropriate dye or an appropriate technique for adding known dyes has not yet been 
found.  So far, dyes combined with molybdate solutions tended to bind to the 
molybdenum complex and precipitate it.  When a surfactant was added to prevent this, 
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molybdenum blue formation was either slowed or the solution’s sensitivity to arsenate 
was impaired. 
Aside from improvements in naked eye determination, dye-increased absorbances at 
lower concentrations could increase the precision of measurement with analytical 
instruments. 
5.1.7.2 Gravimetric Studies 
The mechanism of molybdenum blue polymer formation is not yet fully understood.  
Structures and possible chemical pathways have been suggested, but no method of 
determining the exact composition of molybdenum blue has been developed.  To 
accomplish this, arsenomolybdic complexes must be separated from the extra 
oxomolybdate groups in the solution, and then the stoichiometric ratios of the elements in 
the complexes must be analyzed. 
One possible means of isolating the reacted complex from the un-reacted molybdates 
could be gravimetric separation: adding appropriate reagents, usually based on polarity or 
hydrophobicity, to precipitate a desired product.  Several research groups have 
accomplished this with phosphate10  but a method has yet to be developed for arsenate. 
5.1.7.3 Glass vs. Plastic 
During the experiments described in this section, the color formation seemed 
somewhat influenced by the choice or glass or plastic reaction vessel.  It is known that 
molybdenum blue reacts with silicates5 under certain conditions, so it is possible that this 
reaction presented a challenge in testing. 
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5.2 Molybenum Blue Method for As(V) Determination Using Flow Injection 
5.2.1 Introduction 
Flow Injection Analysis (FIA) is a modern analytical method for arsenic detection 
that is both controllable and reproducible.11-14  This method is replacing the “batch” 
method, a technique involving the measurement of individual reactions.  FIA is computer 
compatible, providing the opportunity to automate the handling of sample and reagent 
solutions, thus increasing reaction uniformity.12  The determination of arsenic using FIA 
with spectrophotometric detection has been studied by many groups such as Frenzel et al. 
This group used molybdenum blue chemistry in a flow injection manifold to determine 
arsenic in water. They found the detection limit for arsenic to be 5 µg L1.12 
The molybdenum blue method was employed for the determination of As(V) through 
flow injection analysis.  Ammonium molybdate, deionized water used as a carrier, and 
ascorbic acid were transported by a peristaltic pump through a manifold, and two equal 
measurements of various arsenic concentrations were injected every minute.  The flow 
rates for reagents were established for optimal reaction time.  Absorbance of mixtures 
was recorded with a spectrophotometer.  Peaks were measured using UV-WinLab 
software and a detection limit of 20 µg L-1 was established. 
In this section we test the Flow Injection Analysis for the determination of arsenic in 
drinking water using molybdenum blue chemistry. 
5.2.2 Experimental Apparatus 
The flow injection system was composed of three peristaltic pumps, an 18 µl volume 
rotary injection valve.  A spectrophotometric detector  was used for analysis, interfaced 
with a computer.  All flow lines and reaction coils were made from PTFE tubing of 0.5 
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mm, shown in Figure 5.4. 
 
Figure 5.4 A schematic of a three line manifold for the determination of arsenic 
using molybdenum blue. 
5.2.2.1 Reagents 
Distilled water (18MΩ/cm) and analytical grade reagents were used over the course 
of analysis.  The carrier was degassed by means of water vacuum pumps.  Stock solutions 
of As(V) and As(III) were prepared by dissolving analytical grade sodium arsenate and 
sodium arsenite in deionized water.  The acidic molybdate reagent (R1) was prepared by 
dissolving 5 g of ammonium molybdate in 300 mL of water.  After addition of 17.5 mL 
sulfuric acid, the solution was made up to 500 mL of water. The reduction agent (R2) was 
made up by adding 14 mL of sulfuric acid to 300 mL distilled water.   To this solution, 
0.1 g of stannous chloride and 1 g of hydrazine sulfate were added and the solution was 
made up to 500 mL of distilled water. 
5.2.2.2 Procedure 
Standards were made from 10 µg L-1 As(V). Concentrations of 100, 50, 40, 30, 25, 
20, 19, 18, 17 µg, 16, 15, 14, 13, 12, 11, 10, 8, 6, 5, 4, 2, 1 µg L-1 and blank (distilled 
water) were injected into the carrier steam of reagent. 1 mL of each sample was injected 
every minute. The acidic molybdate (R1) and carrier streamed into the mixing coil which 
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then flowed into the reaction coil. The reducing agent (R2) coursed into the reaction coil. 
All reagents flowed into the spectrophotometer. The absorbance was monitored at 690nm 
and two replicated measurements were recorded.   Peaks were investigated using UV- 
WinLab software and peak areas were calculated. 
5.2.3 Results   
 
Figure 5.5 Plot of the absorbance versus concentration of arsenic in µg L-1 with 
measurement by molybdenum blue in a flow injection manifold. 
5.2.4 Discussion 
From our laboratory experiments we obtained a series of data and graphs by 
measuring the following µg L-1 arsenic concentrations: 100, 50, 40, 30, 20, 19, 18, 17, 16, 
15, 14, 13, 12, 11, 10, 8, 6, 5, 4, 2, 1 and blank.  The absorbance was taken once arsenic 
was injection into the flow injection system and the spectrophotometer provided peaks. 
The areas of these peaks were calculated. The concentration of As(V) in µg L1 versus 
absorbance as seen above in Figure 5.5 was then plotted. The values produced by the 
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measurement of standards did not conform to a linear response. 
5.2.5 Conclusion 
In this experiment, the lowest determinable amount was 20 µg L-1 of As(V).  Results 
failed to show a linear correlation, possibly due to the difficulty of creating accurate 
smaller standards with micropipettes. 
Overall, this experiment came close to matching the limit of detection of the Frenzel 
method, This method of determining arsenic in drinking water needs to be somewhat 
more robust before it is appropriate for fieldwork. 
5.3 Colorimetric Determination of Arsenic in Water Using Molybdenum Blue 
Loaded Anion Exchange Resin. 
5.3.1 Introduction 
Using a freeware computer program named Colors.exe 15,16  applied to a digital 
photograph of molybdenum blue solutions stored in colorimetric tubes and illuminated 
from below, it has been experimentally demonstrated that the red wavelength component 
of the solution decreases with increasing arsenic concentrations. Potentially, this might 
provide a new means of precise arsenic determination.  Of the techniques described 
above, the two most promising immediate approaches for creating a practical field 
portable arsenic testing kit appear to be the flow-injection and naked-eye/photographic 
determination techniques. 
This section provides experimental data from attempts to accelerate the results of 
Matsunaga et al.’s17 procedure for arsenic determination by combining it with the 
molybdenum blue colorimetric technique developed by Dhar et al.1   
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Matsunaga’s method involves polystyrene, molybdate-loaded resin beads to 
concentrate molybdate and arsenate on a solid material.  Molybdenum loaded on a 
chelating-treated resin reacts with As(V) to form the heteropoly acid, turning the resin 
beads greenish blue in the presence of a reducing agent under acidic conditions. The 
reaction for the formation of molybdenum blue is shown in Figure 5.6. 
AsO43- + 12 MoO42- + H+                H3AsMo12O40 + H2O 
Figure 5.6 The reaction for the formation of Arseno-molybdate. 
This investigation utilizes Dhar’s molybdate reagent and Matsunaga’s resin.  In this 
combination approach, styrene-divinyl-benzene anion-exchange resin beads and heat 
were used to bind Molybdenum Blue to the resin’s functionalized side-chains, causing 
the resin’s color to change proportionally to the concentration of As(V) in assorted 
solutions.  Digital images and scanned images were taken and analyzed via the 
Colors.exe program to measure the resulting RBG values on the beads. 
5.3.2 Experiments 
5.3.2.1 Standards  
A stock solution of As(V) was prepared by dissolving 0.4 g of analytical grade 
sodium arsenate (Na2HAsO4 •7H20) in deionized water (18.0 MΩ cm).  A stock solution 
of phosphate was prepared by dissolving KH2PO4 in deionized water (18.0 MΩcm). 
Standard solutions were made using arsenate salts with 4 µg L-1 P(V) added to each 
solution. 
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5.3.2.2 Reagent preparation  
The reagent was prepared with the following ingredients: 0.7425 g ammonium molybdate 
tetrahydrate diluted into 25 mL deionized water (18.0 MΩ cm); 2.7 g ascorbic acid 
diluted in 25 mL deionized water (18.0 MΩ.cm); 0.267 g antimony potassium tartrate 
diluted in 50 mL deionized water (18.0 MΩ.cm); and 6.71 mL sulfuric acid (H2SO4) 
diluted in 50 mL deionized water (18.0 MΩ.cm). 
20 mL from both the ammonium molybdate and ascorbic acid were transferred into a 
beaker using a glass volumetric pipette.  10 mL of the antimony potassium tartrate were 
transferred into another beaker using a glass pipette.  Next, all 50 mL of the sulfuric acid 
were poured into the 10 mL of antimony potassium tartrate.  Finally, the two separate 
beakers were combined to form the completed reagent. 
5.3.2.3 Procedure for colorimetric vials  
For the molybdenum blue 50 mL colorimetric vials, 5 mL of the completed reagent 
were added to 50 mL of each of the prepared As(V) solutions at 0, 10, 25, 50, 75, and 100 
µg L-1 concentrations.  After ten minutes, the prepared vials were photographed in the 
apparatus depicted below in Figure 5.7.  The resulting images were analyzed by 
Colors.exe to measure the RGB values. 
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Figure 5.7 Apparatus for photographing molybdenum blue solutions. 
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5.3.2.4 Procedure for concentrating arsenic on filter paper, cellulose wheat flour, 
cotton, and Amberlite resins 
Flour, commercial cotton balls, and filter paper were used as substrates for the 
deposition of arsenic and treated to remove impurities such as pesticides and herbicides.  
To purify the flour, ammonium hydroxide was diluted with deionized water in a 14 mL 
centrifuge tube.  1 g of flour was then added into the tube, which was centrifuged for 20 
minutes.  The cotton balls were purified by placing them into 100 mL of deionized water 
(18.0 MΩ cm), which was sonicated for 5 hours; after sonication, the balls were oven-
dried.  Finally, filter paper pieces were treated in a 50 mL beaker containing 40 mL of 
ammonium hydroxide or acetic acid.  After soaking overnight, the paper was oven-dried. 
5.3.2.5 Procedure for substrates 
Table 5.1 Treatment of materials before deposition of molybdenum blue 
Materials NH4OH Deionized Water Acetic Acid No Treatment 
Wheat Flour Yes No No Yes 
Cotton Balls Yes Yes No Yes 
Filter Paper Yes No Yes Yes 
Amberlite     
IRC 748    Yes 
IRC XAD-2    Yes 
IRA 400    Yes 
IRA 401S C.P.    Yes 
CG 120    Yes 
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The basic procedure used to test most substrates required mixing 10 mL of arsenic 
(V) and 1 mL of completed reagent into a 50 mL beaker.  The flour, however, was placed 
into 17.5 mL colorimetric vials prior to adding the arsenate and reagent.  For the filter 
paper substrate, 5 mL of reagent and then 50 mL of As(V) solution were added into a 
separatory flask.  The resulting solution was dripped onto the filter paper held in a Gooch 
funnel. 
Amberlite IRA 401S C.P. resin proved the only successful material in these tests.  
This resin is a strongly basic, quaternary ammonium (polystyrene) type aminated with 
trimethyl amine.  As purchased, it has a 20-50 (wet) mesh, a high porosity, a moisture 
holding capacity of 59-65%, and is in the chloride form RN(CH3)3 + Cl-. 
For testing, 0.3 g of 401S C.P. resin was placed into a 50 mL beaker before 
transferring in the As(V) concentration and reagent.  After heating the beaker for 12 
minutes, the resin was gravity filtered out.  0.1 g was then ground using a mortar and 
pestle and placed into a glass dish 10 mm wide and 5 mm high for processing.  While 
grinding, it was essential to retain structural translucence by avoiding powdering the resin 
while still breaking individual beads to between 60 and 65 mesh to provide more surface 
area for absorption. 
For the cellulose wheat flour tests, the experimental procedure was repeated with 0.1, 
0.65, 0.02, 0.01, and 0.005 g of flour.  When testing the cotton balls, full pieces were 
used (approximately .0369 g) as well as halved pieces (approximately 0.1705 g). 
The method presented in this section follows Dhar’s research determination that a 
reagent to arsenic solution ratio of 1:10 produces the best results. Using this ratio, the 
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substrates were tested, photographed or scanned, and processed in the Colors.exe 
program. 
5.3.3 Results 
Tables and Figures from solution-based arsenic measurements 
Table 5.2 Results for photographed molybdenum blue-filled vials. 
 
6-2-09                                                          Red Value Results (red pixels) 
As(V) Conc. () µg L-1     Replicate 1     Replicate 2     Replicate 3     Replicate 4      Average 
0 210 185 200 205 200 
100 182 195 152 178 176.75 
200 183 181 116 92 143 
300 145 66 169 166 136.5 
400 1 1 166 175 85.75 
500 6 27 1 7 10.25 
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Figure 5.8 Plot of absorbance versus concentration of arsenate in µg L-1from 
photographed molybdenum blue-filled vials. 
111 
Table 5.3 Test 2, photographed vials with differing camera settings 
6-3-09                                                                 
Red Value Results (red pixels) 
As(V) Conc. ( µg L-1) 
12 MP photos Replicate 1 Replicate 2 Replicate 3 Replicate 4 Average 
    1 192 206 183 196 194.25 
    10 197 199 189 192 194.25 
    25 196 182 174 180 183 
    50 183 184 181 187 183.75 
    75 183 190 192 181 186.5 
3 MP photos      
    25 190 188 175 184 184.25 
    50 185 186 187 177 183.75 
    75 190 182 177 183 183 
 
 
Figure 5.9 Plot of absorbance versus concentration of arsenate in µg L-1from 
photographed molybdenum blue-filled vials from test 2 using photographed 
vials with differing camera settings. 
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Table 5.4 Test 3, photographed vials with differing camera settings. 
6-4-09                                                         Red Values (red pixels) 
   As(V) Conc. ( µg 
L-1) 
    12 MP 
photographs 
 
    Replicate 
1 
   Replicate 
2 
   Replicate 
3 
   Replicate 
4    Average 
1 203 192 208 204 
201.7
5 
10 196 202 210 206 203.5 
25 182 194 186 188 187.5 
50 184 189 185 185 
185.7
5 
75 191 201 176 166 183.5 
3 MP photographs      
0 190 249 251 255 
236.2
5 
1 215 211 204 209 
209.7
5 
10 194 212 205 198 
202.2
5 
25 187 195 194 199 
193.7
5 
50 193 192 191 197 
193.2
5 
75 194 196 193 206 
197.2
5 
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Figure 5.10 Plot of absorbance versus concentration of arsenate in µg L-1from 
photographed molybdenum blue-filled vials from test 3 using photographed 
vials with differing camera settings. 
Table 5.5 Test 4, photographed vials of varied concentrations of arsenate. 
6-8-09                                         Red Values (red pixels) 
    As(V) Conc. () 
µg L-1 
   Replicate 
1 
  Replicate 
2  
   Replicate 
3 
   Replicate 
4  
     
Average  
0 205 210 193 194 200.5 
1 196 197 212 204 202.25 
10 192 191 207 210 200 
25 213 222 205 194 208.5 
50 173 187 184 199 185.75 
75 197 180 160 193 182.5 
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Figure 5.11  Plot of absorbance versus concentration of arsenate in µg L-1from 
photographed molybdenum blue-filled vials from test 4 using photographed 
vials. 
Table 5.6  Concentrations of arsentate, at high concentrations, in µg L-1 and 
absorbance of red light – test 5. 
6/9/2009                                     Red Values (red pixels) 
As(V) 
Conc. ( µg L-1) Replicate 1 Replicate 2  Replicate 3 Replicate 4 Average  
7500 4 3 3 3 3.25 
5000 3 4 6 4 4.25 
2500 5 5 5 4 4.75 
1000 6 7   6.5 
100 22 16 11 13 15.5 
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Table 5.7  Second trial, test 5, concentrations of arsentate in µg L-1 from 
photographed molybdenum blue-filled.  
6-9-09 (Trial 2)                                               Red Values (red pixels) 
As(V) Conc.  
(µg L-1) Replicate 1  Replicate 2 Replicate 3 Replicate 4 Average  
5 202 196 209 183 197.5 
40 209 209 195 195 202 
50 205 195 209 196 201.25 
60 204 168 170 183 181.25 
 
 
Figure 5.12 Plot of absorbance versus concentration of arsenate in µg L-1from 
photographed molybdenum blue-filled vials from second trial, test 5. 
Table 5.8 Photograph results of arsenate reaction at low concentrations. 
6-9-09 (Trial 3)                                              Red Values (red pixels) 
As(V) Conc. (µg L-1)   Replicate 1    Replicate 2    Replicate 3   Replicate 4     Average  
0 217 219 212 213 215.25 
1 208 220 209 207 211 
10 210 234 222 194 215 
25 196 172 173 183 181 
50 181 143 210 173 176.75 
75 144 140 149 173 151.5 
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Figure 5.13 Plot of absorbance versus concentration of arsenate in µg L-1from 
photographed molybdenum blue-filled vials from second trial, at low 
concentrations. 
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Table 5.9 Results varied concentrations of arsenate reacted for different time 
periods. 
6-10-09                                                              Red Pixel Values 
 Time (min), 0 µg L-1As(V)   Replicate 1   Replicate 2   Replicate 3   Replicate 4      Average 
20 180 179 167 163 172.25 
40 152 175 179 155 165.25 
60 178 177 169 182 176.5 
80 170 168 171 171 170 
100 190 179 172 176 179.25 
      
Time (min), 5 µg L-1 As(V)    Replicate 1    Replicate 2    Replicate 3    Replicate 4      Average 
20 149 150 174 160 158.25 
40 142 168 172 139 155.25 
60 142 174 175  163.7 
80 143 145 172 170 157.5 
100 155 161 166 162 161 
      
Time (min), 15  µg L-1As(V)    Replicate 1    Replicate 2    Replicate 3    Replicate 4      Average 
20 144 138 161 166 152.25 
40 143 143 162 162 152.5 
60 139 145 161 167 153 
80 144 145 166 165 155 
100 208 155 158 157 169.5 
      
Time (min), 20 µg L-1 As(V)    Replicate 1    Replicate 2    Replicate 3    Replicate 4      Average 
20 121 129 142 141 133.25 
40 120 122 146 142 132.5 
60 115 118 141 141 128.75 
80 114 115 141 138 127 
100 184 118 172 151 156.25 
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Figure 5.14 Plot of absorbance versus concentration of arsenate in µg L-1from 
photographed molybdenum blue-filled vials from second trial, at using time 
as a variable. 
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Table 5.10  Time interval tests 2, results time interval tests made at 20, 40, 60, 
80 and 100 min.  
6-11-09                                                                  Red Pixel Values  
         Time (min), 0 µg L-1 As(V)   Replicate 1   Replicate 2   Replicate 3   Replicate 4    Average 
20 201 195 192 193 191.5 
40 181 204 188 203 194 
60 192 207 198 209 201.5 
80 203 206 196 209 203.5 
100 195 191 193 187 191.5 
      
         Time (min), 0 µg L-1As(V)   Replicate 1   Replicate 2   Replicate 3   Replicate 4    Average 
20 188 196 189 193 191.5 
40 213 198 193 191 198.8 
60 195 189 200 190 193.5 
80 203 198 203 200 201 
100 218 206 194 201 204.8 
      
         Time (min), 0 µg L-1As(V)   Replicate 1  Replicate 2  Replicate 3  Replicate 4    Average 
20 178 183 206 179 186.5 
40 168 162 174 156 165 
60 159 146 148 144 149.3 
80 156 154 149 153 153 
100 145 153 146 148 148 
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Figure 5.15 Plot of absorbance versus concentration of arsenate in µg L-1from 
photographed molybdenum blue-filled vials from second trial, at 20, 40, 60, 
80 and 100 min. 
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Table 5.11 Results for untreated filter paper.  
6-19-09  As(V) with filter paper   Red Values (red pixels) 
   As(V) Conc. ( µg L-1)  Replicate 1 Replicate 2    Average 
0 129 126 127.5 
10 99 114 106.5 
25 122 127 124.5 
50 111 116 113.5 
100 97 101 99 
 6-22-09 
      As(V) Conc. ( µg L-1) Replicate 1 Replicate 2     Average 
0 112 106 109 
10 127 120 123.5 
25 128 115 121.5 
50 120 116 118 
100 126 122 124 
6-25-09 
     As(V) Conc. ( µg L-1) Replicate 1 Replicate 2     Average 
0 126 118 122 
10 123 128 125.5 
25 98 90 94 
75 106 114 110 
100 119 115 117 
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Table 5.12 Results for acetic acid-treated filter paper at varied arsenate 
concentrations. 
7-1-09                        Red Pixel Values  
   As(V) Conc. 
(µg L-1) 
Replicate 
1 
Replicate 
2 
  
Average 
0 186 190 188 
10 146 160 153 
25 184 134 159 
75 197 145 171 
100 179 103 141 
 
 
Figure 5.16 Plot of absorbance versus concentration of arsenate in µg L-1 results 
for acetic acid-treated filter paper at varied arsenate concentrations. 
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Table 5.13 Results for reagent-treated filter paper at varied arsenate 
concentrations.  
6-23-09                                Red Values (red pixels) 
   As(V) Conc. ( µg L-1) Replicate 1 Replicate 2     Average  
0 178 119 148.5 
10 139 144 141.5 
25 131 124 127.5 
50 138 136 137 
100 120 112 116 
 
 
Figure 5.17 Plot of absorbance versus concentration of arsenate in µg L-1 for 
reagent-treated filter paper. 
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Table 5.14 Results for ammonium hydroxide treated filter paper. 
 
 
7-7-09               
 Conc. ( µg L-1) Rep 1 Rep 2   Average 
0 132 126 129 
10 187 128 157.5 
25 87 90 88.5 
75 88 85 86.5 
100 107 113 110 
 
6-25-09              Red Values (red pixels)  7-1-09                  Red Values (red pixels) 
As(V)  µg L-1    Rep 1   Rep 2  Average  As(V) µg L-1 Rep 1 Rep 2 Average 
10 195 146 170.5  0 177 132 154.5 
25 146 143 144.5  10 97 98 97.5 
75 127 128 127.5  25 177 176 176.5 
100 111 176 143.5  75 184 111 147.5 
     100 177 124 150.5 
6-26-09  7-2-09 
As(V)  µg L-1 Rep 1 Rep 2 Average  Conc.( µg L-1) Rep 1 Rep 2 Average 
0 148 147 147.5  0 109 183 146 
10 155 156 155.5  10 195 198 196.5 
25 180 125 152.5  25 184 180 182 
75 116 113 114.5  75 182 183 182.5 
100 101 106 103.5  100 180 106 143 
         
6-29-09  7-6-09 
As(V)  µg L-1 Rep 1 Rep 2 Average  As(V)  µg L-1 Rep 1 Rep 2 Average 
0 152 148 150  0 183 114 148.5 
10 135 141 138  10 197 165 181 
25 194 190 192  25 169 161 165 
75 190 123 156.5  75 188 187 187.5 
100 176 180 178  100 177  177 
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Figure 5.18 Plot of absorbance versus concentration of arsenate in µg L-1 for 
ammonium hydroxide treated filter paper. 
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Table 5.15 Results with sonicated resin. 
7-3-09                                       Red Values (red pixels) 
As(V) Conc.  
( µg L-1) Rep 1 Rep 2 Average 
0 137 129 133 
10 37 39 38 
25 84 82 83 
75 46 48 47 
100 65 41 53 
7-7-09 
Conc. ( µg L-1) Rep 1 Rep 2 Average 
0 194 191 192.5 
10 29 26 27.5 
25 57 55 56 
75 45 48 46.5 
100 73 71 72 
7-9-09 
Conc. (µg L-1) Rep 1 Rep 2 Average 
0 56 53 54.5 
10 39 41 40 
25 85 83 84 
100 55 51 53 
 
 
Figure 5.19 Plot of absorbance versus concentration of arsenate in µg L-1 with 
sonicated resin. 
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Table 5.16 Results with heated resin. 
   7-13-09               Red Values (red pixels)      7-3-09        Red Values (red pixels) 
As(V) ( µg L-1) Rep 1 Rep 2 Average  
As(V) 
( µg L-1)   
Rep 1 Rep 2 Average 
0 172 174 173  0 134 127 130.5 
10 147 140 143.5  10 38 37 37.5 
25 154 153 153.5  25 55 53 54 
75 91 94 92.5  75 40 37 38.5 
100 83 70 76.5  100 30 35 32.5 
7-14-09   7-8-09  
Conc. ( µg L-1) Rep 1 Rep 2 Average  Con c. (µg L-1) Rep 1 Rep 2 Average 
0 114 115 114.5  0 110 104 107 
10 136 125 130.5  10 83 84 83.5 
25 82 84 83  25 71 51 61 
75 108 90 99  75 50 50 50 
100 60 69 64.5  100 50 48 49 
7-15-09  7-9-09 
Conc. ( µg L-1 ) Rep 1 Rep 2 Average  Conc. ( µg L-1) Rep 1 Rep 2   Average 
0 165 158 161.5  0 110 107 108.5 
10 145 130 137.5  10 99 97 98 
25 143 135 139  25 61 65 63 
75 163 176 169.5  100 53 53 53 
100 64 67 65.5      
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Table 5.17  Results for various resin temperatures during heating and 
sonication. 
Sonicator Temperatures from 240 to 570 C 
As(V) Conc. 
( µg L-1                                         Time (min) 
 0 20 40 60 80 100 120 
                                       Resulting Temperatures 
100 24 32.6 38 46 51.5 54.6 55 
75 24 32 36 42 45 56 43 
25 23.6 31 35.6 42 56.6 49.3 49 
10 24 33 38.5 45 52 54 54 
0 24 33 35.8 38 37 37 37 
Table 5.18  Optimal time test with 600 C heated resin. 
As(V) Conc.  µg L-1        Time (min) 
 
0 6 12 
Red Values (red pixels) 
100 23.8 48 63.8 
75 24.5 51 65 
25 24.2 50 62 
10 24 48 60 
0 24 45 59 
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Table 5.19 Heating vs. sonication. 
600C Heating for 12 min                     Sonication 
     As(V) Conc. ( µg L-1) Red Values  Concentration ( µg L-1) Red Value 
0 55  0 102 
10 18  10 42 
25 21  25 24 
75 26  75 58 
100 16  100 16 
 
 
Figure 5.20 Plot of absorbance versus concentration of arsenate in µg L-1Graph 
of results from sonication and heating (60 °C) for 12 min  
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Table 5.20  Experiment 2, results for scanned images of heated resin. 
7-17-09 7-27-09 7-29-09 
  As(V) Conc. µg L-1 Red 
Values  
  As(V) Conc. µg L-1 Red 
Values 
As(V) Conc. µg L-
1  
Red 
Values 
0 167  0 148  0 165 
10 111  10 107  10 97 
25 57  25 177  25 57 
75 29  50 31  50 33 
100 34  75 56  75 26 
   100 30  100 11 
 
 
Figure 5.21 Plot of absorbance versus concentration of arsenate in µg L-1 results 
for scanned images of heated resin. 
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5.3.4 Discussion  
5.3.4.1 Deposition of color on filter paper, flour, and cotton  
Using filter paper, flour, and cotton as substrates for deposition of the Molybdenum 
Blue reaction proved ineffective.  The color responses on filter paper — perhaps due to 
the difficulty of depositing the reactant evenly — were inconsistent and patchy.  When 
photographed or scanned and then digitally evaluated, the treatment of the paper with the 
molybdenum blue polymer failed to produce objectively increased color intensity when 
arsenic concentration was increased. 
When arsenic solutions and reagent were added to flour and cotton, a blue color 
formed.  While flour developed a darker blue color than cotton, this color failed to vary 
irrespective of arsenic concentration.  When a control was tested with flour, cotton, and 
reagent but omitting any arsenic solution, both flour and cotton turned blue.  Flour and 
cotton reacted intensely with molybdenum blue and proved ineffective in creating a color 
scale when reacting with varied concentrations of arsenic. This effect may have been 
caused by a reaction between reagent and substrates, trace arsenic, phosphorus 
contamination in the substrates, or a reaction with some component of the substrates,. 
5.3.4.2 Deposition of color on Amberlite 401S C.P. resin  
It is hypothesized that an anionic functional group bound the heteropoly acid 
polymer to the surface of the resin beads.  The method described in this section for 
heating and scanning the resin produced consistent color response.  Scanning the resin 
rather than recording the images with a digital camera produced superior results, 
reinforcing the procedures applied in previous sections of this thesis. 
The highest concentrations, as seen in 5.23, of As(V) turned a dark greenish-blue. 
The lowest concentrations turned a pale greenish-yellow, gradually deepening to light 
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green as concentrations reached 25 µg L-1.  0 µg L-1consistently developed a light green 
color while 100 µg L-1 developed a dark green or blue color. 
 
Figure 5.22 Ground beads treated with arsenic, 100, 75, 25, 10, 0 µg L-1. 
The hotplate temperature for these experiments started at 24 °C and reached 
approximately 62 °C while the heat produced from the sonicator alone varied from 1 
degree Celsius to 12 degrees Celsius.  Hotplate heating thus gave more consistent results 
than relying entirely on heat from sonication.  Heating the resin longer than 12 minutes 
intensified the blue color at all As(V) concentrations.  When heated to a boil, the resin 
color at in all concentrations became a homogenous blue. 
The graphs above demonstrate that the use of resin when combined with heating 
produced the most accurate and repeatable responses of all attempted methods 
5.3.5 Conclusion  
This research has demonstrated that Amberlite IRA 401S C.P. resin develops a 
quantitative blue gradient in the presence of As(V) and the Dhar reagent.  This method 
with the addition of scanning and digitally analyzing the result proved highly accurate.  
This method is also potentially field portable, although cation resin is presently costly and 
difficult to acquire, and such use would require the field operator to handle concentrated 
sulfuric acid if no safer replacement could be found. 
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5.4 Determination of the elemental ratios of molybdenum to phosphorus and 
molybdenum to arsenic in the molybdenum blue polymer 
5.4.1 Introduction  
The goals of this research were to determine the structure of arsenomolybdate 
formed in the Stockdale10 procedure and to run trials in which varying aspects of the 
Stockdale method in order to determine if the structure of the heteropoly molybdate 
molecule changes.  It has been confirmed that the structure of the molecule formed using 
the Stockdale procedure is in fact (NH4)3[As(Mo3O10)4] and also that the yield 
arsenomolybdic acid can be increased by boiling off water from the final solution.  
This research has been successful this semester.  It suggests future success in studying 
studying the reaction mechanism, determining the structure of the heteropolyacid and 
improving the yield of heteropoly acid. 
Arsenic contamination of groundwater and soil has become a major concern in 
countries such as Bangladesh and even here in the United States.  As a result it is 
becoming crucial to develop an economical and simple method for the determination of 
inorganic arsenic in water and soil samples.  This has spurred interest in improving 
current and past methods for the determination of arsenic and similar elements to see if 
they could possibly improve limits of detection. 
The Stockdale method is an effective gravimetric method for the determination of 
phosphorous in steel.  The heteropoly molybdate formed in the Stockdale method is 
known as phosphomolybdate, the proposed structure is (NH4)3[P(Mo3O10)4].10  It was 
proposed that a similar heteropoly acid could be produced using arsenic that would have 
the chemical formula of  (NH4)3[As(Mo3O10)4]. 
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This molecule, known as arsenomolybdate, is formed in colorimetric methods for the 
determination of arsenic such as the Dhar method.1  A major problem with such methods 
is that arsenomolybdic acid does not form readily enough at low concentrations to 
consistently detect arsenic at concentrations near 10 or 50 µg L-1, two levels considered 
thresholds for safe drinking water. 
The two main objects of this research have been to verify and study the structure of 
arsenomolybdic acid and to improve the formation of the molecule so that it may be more 
effective in the detection of low levels arsenic. 
5.4.2 Experimental 
5.4.2.1 Instrumentation 
The Instrument used was a Perkin Elmer Optima 4300 DV ICP-OES. 
Nebulizer flow rate: 1.50 ml/sec 
Carrier gasses: Argon (85 psi), Nitrogen (60 psi) 
Delay Time: 60 s 
Min-Max read time: 5-20 s 
Arsenic wavelengths: 188.979, 193.696, 197.197, 228.812 
Phosphorus wavelenghts: 177.434, 178.221, 214.914, 213.617 
Molybdenum wavelengths: 202.031, 203.845, 204.597, 281.616 
5.4.2.2 Reagents 
Ammonium nitrate 
Ammonium molybdate 
Antimony potassium tartrate 
Concentrated ammonium hydroxide 
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Concentrated nitric acid 
Concentrate sulfuric acid 
Deionized Water (18Ω) 
Sodium Arsenate 
Sodium Phosphate  
 
5.4.2.3 Validation of the Stockdale Method 
The structure of phosphomolybdate was first validated by following the Stockdale 
method at a one-tenth scale.  The Stockdale reagent was made up by adding 25 g of 
ammonium nitrate to 25 mL of water, 35 ml of conc. nitric acid and 2.5 g of ammonium 
molybdate to 15 mL of water.  These two solutions were then combined, slowly, in a 100 
mL volumetric flask and filled to the fiduciary mark with deionized water.  0.1 mg of 
potassium dihydrogen phosphate was then added as a catalyst by the addition of 0.1 ml of  
a 1 mg mL-1 solution.  The flask was set in a water bath at 60 OC for 6 hours and then 
filtered using Watman-45 filter paper.  Once the reagent had been filtered it was heated to 
60 OC and 150 mL of a 44 mg L-1 solution of phosphate (in the form of sodium 
phosphate) was added.  This solution was heated at 60 OC for one hour and then allowed 
to cool in the freezer for 12 hours.  The yellow solid was filtered using a sintered glass 
crucible and washed with two 2 mL portions of 2% ammonium nitrate solution.10 Once 
the solid had dried a 10 mg L-1 solution of it was made up in 0.1% NH4OH and analyzed 
by the Perkin Elmer Optima 4300 DV ICP-OES along with standards of 10 mg L-1, 1 mg 
L-1 and 100 µg L-1phosphorus and molybdenum in 0.1% NH4OH. 
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5.4.2.4 Formation and Analysis of Arsenomolybdate 
This procedure was identical to the Stockdale method but instead of a 44 mg L-1 
solution of phosphate, 150 mL of a 5000 mg L-1 solution of arsenate was added to the 
reagent once it had been prepared and heated.  In order to improve the yield of solid, 100 
mL of the water was boiled off after the reagent and arsenate solution had been heated at 
60 OC for an hour.  This increased the yield from a few milligrams to approximately 180 
milligrams.  Once the solid had been washed with 2% ammonium nitrate, a 10 mg L-1 
solution of the yellow solid was made in 0.1% NH4OH and analyzed by ICP-OES against 
100 µg L-1to 10 mg L-1 standards composed of arsenic and molybdenum. 
 
Use of the PE Optima 4300 DV ICP-OES 
The samples were analyzed in comparison to three standards containing 10	  mg	  L-­‐
1,	  1	  mg	  L-­‐1and	  100	  µg	  L-­‐1	  of	  molybdenum	  and	  phosphorus	  or	  molybdenum	  and	  arsenic	  in	  0.1%	  NH4OH.	  	  A	  blank	  of	  0.1%	  NH4OH	  was	  also	  used.	  	  It	  was	  noted	  in	  the	  preliminary	  research	  that	  it	  is	  important	  to	  scan	  for	  all	  of	  the	  wavelengths	  of	  the	  particular	  elements	  being	  analyzed	  due	  to	  the	  possibility	  of	  	  interference	  that	  occurs	  for	  some	  wavelengths.	  	  The	  instrument	  was	  set	  to	  make	  5	  replicate	  measurements	  with	  a	  minimum	  scan	  time	  of	  5	  seconds	  and	  a	  maximum	  scan	  time	  of	  20	  seconds	  as	  well	  as	  a	  delay	  of	  60	  seconds	  between	  sample	  introduction	  and	  the	  first	  measurement.	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5.4.2.5 Variation of the Catalyst 
In the Dhar method, antimony potassium tartrate takes the place of potassium 
dihydrogen phosphate as the catalyst of the reaction.1  In order to test which catalyst was 
more effective, three batches of the Stockdale reagent were made for each trial.  One 
batch contained the 0.1 mg of potassium dihydrogen phosphate as the Stockdale method. 
The second contained antimony in a molar amount equivalent to the amount of phosphate 
used as a catalyst in the Stockdale method. The third batch contained no catalyst.  These 
reagents were then mixed with 150 mL 5000 mg L-1 arsenate solution.  Again, 100 mL of 
water were boiled off after the one hour in a 60 OC water bath.  The solid was then 
filtered and washed with a 2% ammonium nitrate solution. 
 
5.4.2.6 Combining the Stockdale and Dhar Methods 
The Dhar method and the Stockdale method were combined in order to see if 
combining the two reactions would improve the yield of arsenomolybdic acid.  
Combining the two methods led to the following procedure: 3.0940 g of ammonium 
molybdate and 2.16 grams of ascorbic acid were dissolved in 25 mL of deionized water 
and 0.0534 g of antimony potassium tartrate, 0.1 mg of potassium dihydrogen phosphate, 
6.71 mL of conc. sulfuric acid and 35 mL of conc. nitric acid were added to 15 mL of 
deionized water.  Finally, 25 g of ammonium nitrate were dissolved in 25 mL of water.  
The ammonium nitrate and ammonium molybdate solutions were then mixed in a 100 
mL flask and the antimony potassium tartrate was added very slowly to avoid solution 
bubbling out of the flask. 1,10  It was noted that the solution turned a dark blue before 
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turning light yellow and produced an odorless gas at a rapid rate and rose to 50 0C.  Once 
the bubbling had subsided the solution was heated at 60 OC for 6 hours. 
5.4.3 Results and Discussion 
The first samples analyzed were samples of the heteromolybdate formed in the 
Stockdale procedure, shown below in Table 5.1. 
Table 5.21 The validation of the Stockdale method. 
Molar Ratio (Mo:P) 95% Confidence Interval 
12.4 0.42    (11.98-12.82) 
The data obtained from the ICP-OES confirmed that the structure of 
phosphomolybdic acid proposed by the Stockdale method was 12:1.10 Once the 12:1 ratio 
had been confirmed for the phosphomolybdate, arsenomolybdate was synthesized and 
analyzed as well, and the results are shown in Table 8.2. 
Table 5.22 Analysis of arsenomolybdate. 
Molar Ratio (Mo:As) 95% Confidence Interval 
21.2 1.49   (19.68-22.66) 
These results from the first synthesis of arsenomolybdate gave a ratio of nearly 
double the expected 12:1 ratio, as shown in Table 5.21.  This was hypothesized to come 
from the phosphorus in the catalyst also taking part in the reaction and forming 
phosphomolybdic acid. 
Table 5.23 Analysis of arsenomolybdate (corrected by subtracting molybdenum 
complexed with phosphorus). 
Molar Ratio (Mo:As) 95% Confidence Interval 
11.3 1.23   (10.09-12.55) 
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In order to confirm the hypothesis the arsenomolybdate solutions were scanned 
for phosphorus, arsenic and molybdenum. After subtracting off the amount of 
molybdenum that was complexed with arsenic the 95% confidence interval  for the molar 
ratio contained 12, this is shown in Table 5.21. 
Once the expected 12:1 ratio of molybdenum to phosphorus was obtained as seen 
in Table 5.22, we were able to hypothesize that the molybdenum to arsenic ratio to also 
be 12:1.  Although, the first set of results for arsenomolybdate were higher than expected 
it was hypothesized that there was some phosphomolybdate being synthesized due to the 
catalytic levels of phosphorus in the reagent solution. After analyzing the samples of 
arsenomolybdate again: first for arsenic and molybdenum, and then phosphorus and 
molybdenum it was determined that there was indeed a significant amount of phosphorus 
complexing with molybdenum and that was skewing the analysis.  Once the amount of 
molybdenum complexed with phosphorus was obtained by back-calculation under the 
assumption that the molybdenum to phosphorus ratio is 12:1 the corrected 95% 
confidence interval of the molar ratio of Mo:As became 10.09 to 12.55 as seen in Table 
5.23.  With this ratio confirmed comparisons can be made between future syntheses to 
determine whether or not changing an aspect of the reaction such as temperature or the 
reagents alters the ratio of molybdenum to arsenic 
5.4.4 Conclusion 
One of the main goals of this research was met, namely the verification of the 
chemical composition of arsenomolybdate. Studying its formation could be profitable.  
The molar ratios of the heteromolybdates formed during the catalysis trials still need to 
be measured and a solution of arsenic still has to be added to the hybrid reagent to 
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determine if polymer can be formed.  By varying the temperature at which the arsenate 
and reagent solutions are mixed  could determine the role temperature plays in the 
formation of the heteropoly acid.  Another experiment could combine aspects of the 
Murphy and Riley method with those of the Stockdale and Dhar methods.3,10,1   
Determining  the X-ray crystal structure of arsenomolybdic and phosphomolybdic acid 
could provide a better understanding of  how the heteropoly acid forms. 
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CHAPTER 6 
CHEMICAL EDUCATION AND FILTRATION OF ARSENIC CONTAINING 
WATER WITH IRON-CONTAINING MEDIA 
6.1 Introduction 
The economic development of nations is correlated with its development of science 
and technology. There has been a documented decline in the interest in science and 
mathematics in the United States at the high school level.1  Evidence suggests that 
students have predisposed societal stereotypical ideas about scientists. A majority of 
these views center on scientists being unglamorous. Many of these preconceived ideas 
that are created in the community and in school lead students to choose high school 
subjects that do not prepare them for college science courses.   It is now believed that 
students form their strongest opinions after the fifth grade. A key strategy for reversing 
this trend away from an interest in science is to have scientists in the classroom on a 
regular basis at early grade levels to change student perceptions. 
Engaging middle school students in inquiry based projects is an area of focus at the 
state and national levels. The GK-12 program of the NSF and the K-12 program for 
engineering of the American Society for Engineering Education have created models for 
the involvement of middle school students in inquiry-based projects.2, 3 The programs 
provide a structure in which students collaborate, conduct research, and develop their 
own project using the scientific method. These projects typically culminate with a science 
fair to emphasize the importance of their work and to allow for further communication. 
There are several key challenges to implementing an inquiry-based learning 
experience promoting the study of environmental topics with field portable 
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instrumentation. The first and most important is safety. All of the reagents must be non-
toxic, non-flammable, and the equipment must not pose any danger.  The second 
challenge is fitting an experiment within the time frame of one class period. The average 
class lasts 45 minutes, which leaves 30 minutes for experimentation. This will allow for 
the development of inquiry-based projects. A goal for the research described in this 
prospectus is to determine if field portable technologies can be used not just by unskilled 
technicians worldwide, but by students in US middle school classrooms. 
In this study, we tested the effectiveness of two different approaches to removing 
arsenic from water: static, batch procedures using a variety of sorbents, namely ferric 
oxide, white sand, sand, gravel, and wood ash; and a dynamic approach utilizing a 
method known as the Steel Wool Filtration system (SWF).  The batch procedures using 
ferric oxide and the SWF system were both found to be highly effective in removing 
arsenic from water, while the alternative sorbents were found to be ineffective.  Although 
the SWF system is both inexpensive and efficient in removing arsenic, that method 
proved slow to produce safe drinking water and therefore would only be practical in real 
life situations if modified to purify hundreds of gallons of water simultaneously. 
Both approaches listed above required iron-containing media4,5  to be effective, 
specifically iron (III) oxide (ferric oxide).  In the batch techniques, varying amounts of 
sorbents were added to contaminated water samples of known arsenic concentrations.  
The sorbents used were iron oxide, sand, white sand, gravel, and wood ash. 
In the steel wool filtration technique, arsenic contaminated water was made to drip 
through a hole in the cap of an inverted two-liter bottle at a constant, known rate onto 
ferric oxide coated steel wool.  This slow flow rate was intended to ensure sufficient 
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contact time to remove as much arsenic as possible. 
After removing the arsenic using these methods, we quantified the remaining amount 
of arsenic left in the water by using Hach EZ Test kits, utilizing the Gutzeit method of 
arsenic determination.  The SWF system showed potential for being a cost effective 
method of removing arsenic from drinking water, and could be renewable if a safe and 
effective cleaning agent was developed to refresh the steel wool. 
6.2 Experimental 
6.2.1 Standard Solution Preparation 
Sodium Arsenite (Na2AsO3) from Fisher Corporation was weighed out and added to 
a 10 mL volumetric flask. Then water was added to the flask until reaching the flask’s 
volume mark to make a 10 mL, 10,000 mg kg-1 solution. Standard solutions of 1000, 100, 
10, and 1 mg kg-1 were made by diluting the 10,000 mg kg-1 stock. 
6.2.2 Addition of Ferric Oxide and Other Sorbents  
Test solutions of 10 mg L-1 and 100 µg L-1 As(III) contaminated water were selected 
for the batch tests in which ferric oxide was added to the solutions. Four 500 mL 
solutions were created, two at 10 mg L-1 As(III) concentration and two at 100 µg L-1.  10 
g Fe2O3 was added to one pair of solutions and 15 g Fe2O3 was added to the other pair.  
Gravel, sand, white sand, and wood ash were tested as alternative sorbents.  The samples 
were then exposed to the sorbents for a week, after which the samples were tested with 
Hach kits. 
6.2.3 The Steel Wool Filtration System (SWF) 
The basic design concept of the SWF was that the water would flow from some 
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source to come in direct contact with Fe2O3-coated steel wool, which should provide the 
same oxidizing effects as the batch method.  This concept was actualized by creating the 
steel wool filtration system (SWF): an inverted bottle holding contaminated water that 
flows from a pin-sized hole in the bottle cap into a coffee-filter-lined funnel packed with 
steel wool. 
After verifying that the flow rate was slow enough for the steel wool to act properly 
as a filter, the system was tested.  Contaminated water dripped through steel wool then 
through the coffee filter to remove any residual steel wool particles. The treated water 
was collected in a beaker.  All water samples that were filtered using the SWF system 
underwent Hach tests to determine the resulting concentrations of arsenic.  The 
concentrations before and after filtering were then compared, to determine the 
effectiveness of the design. 
 
Figure 6.1 SWF system and filter. 
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6.2.4 Testing with the SWF 
Standards in the volume of 250 mL in the concentrations of 1 mg L -1 and 2 mg L -1 
As(III) — the concentrations most commonly reported in Bangladesh — were tested 
using the SWF system.  Water was also collected from Dunstable and Braintree, 
Massachusetts, and Hach tests were run before and after filtering these samples.  The 
sample size was reduced to 50 mL to accelerate the testing process since at even 50 mL, 
each test took approximately 45 minutes. 
6.2.5 Renewal of Steel Wool 
After several experiments, the steel wool was removed from the SWF and let dry.  
The used steel wool was soaked in a wood ash bath, an approximately 1% solution 
weight by volume with a pH near 14 calculated to strip arsenic from the metal. 
Unfortunately, this treatment process completely fragmented the steel wool, so another 
method must be developed if the steel wool is to be rendered reusable. 
6.3 Results and Discussion  
The results of the initial batch tests proved inconclusive because all the arsenic was 
absorbed, producing a reading of 0 µg L-1 on the test kit.  Therefore, a second round of 
batch tests was conducted using the same procedure.  When the second batch tests 
showed the same results, implying that an excess of Fe2O3 was being used, it was decided 
to reduce the mass of Fe2O3 to determine the minimum amount required to effectively 
oxidize the As(III) in the samples.  The quantities of Fe2O3 were reduced from 10 g and 
15 g to 0.1250 g, 0.2500 g, 0.3750 g, and 0.4996 g, and a third round of batch tests was 
administered on 250 mL solutions of 1 mg L-1 As(III). This change produced results 
within measurable values. 
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Gravel, sand, white sand, and wood ash were also tested as alternative sorbents to 
remove 1 mg L-1  As(III) from our samples. 
Table 6.1 Results of Experiment 3. 
Bottle 
 
 mL of 1 mg L-1 
As(III) in H20 
    Mass of Fe2O3 added (g)      Results of Hach Kit 
1    250          0.1250         25 µg L-1 
2    250          0.2500           0 µg L-1 
3    250          0.3750         10 µg L-1 
4    250          0.4996           0 µg L-1 
In addition to using Fe2O3, an attempt was made to filter out arsenic using alternative 
sorbents.  The alternatives used were 5 g of sand, gravel, white sand, and wood ash and  1 
mg L-1 of arsenic standard concentration was distributed into four separate containers, 
each with a different sorbent. Unfortunately, the amount of arsenic in the water remained 
a constant 1 mg L-1 of arsenic. 
Table 6.2 Results of Experiment 4, Alternate Sorbent Media. 
   Sorbent Media     mL of 1 mg L-1 
    As(III) in H20 
  Mass of Media 
(g) 
Results of Hach 
Test 
     Wood Ash             250             10           250 µg L-1 
        Gravel             250              10          250 µg L-1 
     White Sand             250             10          250 µg L-1 
           Sand             250             10          250 µg L-1 
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Table 6.3 Results of Experiment 5, SWF System. 
        Solutions Initial 
Concentration 
 Final 
Concentration 
         Volume 
   1 mg L-1As(III)          1 mg L-1          75 µg L-1           50 mL 
   2 mg L-1As(III)           2 mg L-1          500 µg L-1           50 mL 
     Braintree MA              0 mg L-1            0 mg L-1           50 mL  
    Dunstable MA        50-100 µg L-1            5 µg L-1            50 mL 
Table 6.3 shows the results of utilizing the steel wool filtration system on standard 
arsenic concentrations and real world samples. The sample from Braintree, Massachusetts 
showed no arsenic contamination before or after filtering, demonstrating that the SWF 
system adds no arsenic. 
6.4 Conclusion 
Two basic concepts for removing arsenic from water were investigated. The first was 
a batch technique, passively using iron-containing media or one of several alternative 
sorbents in a bottle to trap arsenic.  The second was utilizing the active Steel Wool 
Filtering system. 
Concentrations of arsenic in water were significantly reduced in samples that were 
filtered using both the batch methods with iron oxide and the Steel Wool Filtration 
system.  The SWF system proved a more rapid method of obtaining drinkable water, but 
it still required 45 minutes to treat a mere 50mL of contaminated water. It was found that 
the steel wool in the SWF system could filter about a liter of water before it needed to be 
replaced due to rust buildup on the sorbent.  The alternative sorbents were unsuccessful at 
reducing the arsenic concentrations in any of the samples used. 
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The process of filtration – because it relies on direct water to steel-wool contact – 
may be too slow for practicality unless the system is made large enough to treat many 
gallons of water simultaneously. On the other hand, the SWF system is extremely easy to 
construct and can be made using inexpensive and recyclable materials.  Construction and 
use of the steel wool filtration system coupled with the use of field test kits provides and 
an excellent introduction to scientific methods.  It offers, through inquiry-based learning, 
opportunities to engage U.S. students in scientific research, sparking an interest in 
science.   By extrapolation, it can also provide experiences for the training of field testers 
in developing countries.  
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CHAPTER 7 
THE DETERMINATION OF SINGLE NUCLEOTIDE POLYMORPHISMS IN 
DNA OF ARSENIC EXPOSED HUMANS AND ITS USE AS BIOMARKER FOR 
CANCER PREDICTION. 
7. 1 Introduction  
Arsenic is recognized as a major environmental contaminant that causes severe 
health problems in populations chronically exposed to arsenic contaminated drinking 
water. In the region of West Bengal, India, groundwater in 9 of 18 districts is 
contaminated with arsenic, far above the acceptable limit of 10 µg/L.1,2 Chronic arsenic 
exposure causes various skin manifestations that include hyperkeratosis on palms and 
soles, hypopigmentation, characteristic raindrop pigmentations on chest, back, and legs, 
and, in extreme cases, in situ carcinoma or Bowen disease, Basal Cell Carcinoma and 
Squamous Cell Carcinoma.3  These skin lesions generally develop after a latency period 
of more than 10 years from first exposure; however, the latency period may be as short as 
6 months, depending on the concentration of arsenic in drinking water, volume of intake, 
and health and nutritional status.4  In addition to skin lesions, other clinical manifestations 
of chronic arsenicism include peripheral neuropathy, peripheral vascular diseases, 
respiratory problems, conjunctivitis, reproductive abnormalities, and ultimately, 
malignancies in a number of organs including skin, lung, and bladder.5  Although it is 
well known that arsenic can cause cellular toxicity and carcinogenicity, the underlying 
mechanism is yet undefined. Although more than 6 million individuals in West Bengal, 
India, are endemically exposed to inorganic arsenic, only 300,000 people show arsenic-
induced skin lesions, hallmarks of chronic arsenic exposure.3 This fact clearly elucidates 
that genetic variability plays a critical role in susceptibility toward arsenic toxicity. 
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Hence, in this study, we looked at some single nucleated polymorphisms of some 
immune response genes, viz., IL1, IL2 and TNF-α genes that might be implicated in 
arsenic susceptibility. 
7.2 Experimental 
7.2.1 Site and Study Group  
Murshidabad district, West Bengal is highly affected with arsenic contaminated 
ground water. This study was conducted on 10 arsenic exposed skin lesion individuals 
and 10 arsenic unexposed individuals (controls). Unexposed individuals were recruited 
from the districts of West Midnapore, where arsenic level in drinking water ranges from 3 
-10 µg/l i.e. well within the permissible limits established by World Health Organization. 
The arsenic exposed individuals were chosen from Murshidabad, a highly affected 
district where arsenic content in drinking water ranges from 50-1200 µg/l. The exposed 
individuals were chosen on the basis of the arsenic content in water and urine samples 
and arsenic induced skin lesions, since skin lesions are hallmarks of chronic arsenic 
toxicity. A blind interview was performed based on a structured questionnaire that 
elicited information about demographic factors, life-style, occupation, diet, smoking, 
medical and residential histories. Detailed information on current and lifetime  smoking 
was obtained. Only non-smoker individuals were selected as study participants to avoid 
confounding due to smoking. An expert dermatologist, with fifteen years of experience 
identified the characteristic arsenic-induced skin lesions and helped in the recruitment of 
exposed study participants. Samples were collected only from those subjects who 
provided informed consent to participate and fulfilled the inclusion criteria. Exposed 
individuals with skin lesions were matched with unexposed individuals with respect to 
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age, sex and socio-economic status. Individuals ranging from 15 to 65 years of age with 
at least 10 years of exposure were selected as arsenic exposed study participants. 
Occupationally, the majority of the study participants were farmers and household 
workers. Since arsenic-containing pesticides were not very common in these areas and 
arsenic mining was not done in this region, occupational exposure to arsenic was ruled 
out. Therefore, drinking water is the principle source of arsenic in this region. Water and 
urine samples were collected from the subjects on the same day, which carried code 
numbers. Information from questionnaire-sourced data on the subjects was not revealed 
before arsenic analyses were completed. This study was conducted in accord with the 
Helsinki II Declaration and approved by the institutional ethics committee. 
7.2.2 Blood Collection and DNA Isolation 
Genomic DNA extraction from blood was carried out using standard protocols.7 To 
amplify the exonic regions, polymerase chain reaction (PCR) was performed in a 25-µL 
reaction volume using standard buffer, MgCl2 (1.5 µM), deoxyribonucleotides (200 µM), 
and Taq polymerase supplied by Life Technologies, Carlsbad, CA, USA in an MJ 
Research PTL-225 thermocycler (GeneAmp-9700; Applied Biosystems, Foster City, CA, 
USA). The sequences of flanking primers (Clontec, Mountain View, CA, USA) We 
screened the promoter regions of the cytokine genes TNF-a and IL2 genes for the 
following polymorphisms- rs1800629 (-308G>A) and rs2069762 (-714T>G), which were 
associated previously with various forms of cancer. 
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The sequences of flanking primers were as follows- 
5’CTTGCTCTTGTCCACCACAA3’(F) and 
5’ACCCCCAAAGACTGACTGAA3’(R) for IL2 gene promoter and 
5’GCCCCTCCCAGTTCTAGTTC3’(F) and 
5’AAAGTTGGGGACACACAAGC3’(R) for TNF-α gene promoter. 
 
All PCR products were analyzed by agarose (1.5%) or polyacrylamide gel (6%) 
electrophoresis, stained with ethidium bromide, and photographed under ultraviolet light. 
Bidirectional sequencing was done in an ABI prism 3100 DNA sequencer (Applied 
Biosystems), using Big Dye Terminator, pretreated with Exo-SAP (Amersham Life 
Sciences, Little Chalfont, Buckinghamshire, UK). Samples with ambiguous 
chromatograms, as well as those containing SNPs observed in only a single sample, were 
subjected to a second, independent round of amplification, followed by DNA sequencing. 
The sequence chromatograms obtained were analyzed with Chromas 2.32 (Technelysium 
Pty Ltd, Tewantin, Australia) and compared with the reference sequence for genotyping 
of respective amplicons. 
7.2.3 Reaction Conditions for PCR  
The reaction mixture is a solution that allows for the conditions to amplify DNA 
of a given region. This protocol and the concentrations of solutions were taken directly 
from the Sambrook6 protocols. The solution was prepared by pipetting the following 
quantities of materials into an Epindorf tube; water (169.0 µL), buffer (25 µL), 
magnesium solution (25 µL), dNTP (10µL), forward primer solution (5µL), reverse 
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primer solution (5µL), Taq polymerase (1 µL). The solution was then thermally cycled 
according Sambrook methods to amplify the targeted gene sequence. 
  
Figure 7.1 Photo of gel showing that DNA has been successfully amplified. 
 
Figure 7.2 Chromatogram generated from the Sanger Sequencing Method using 
the Chromas software program. 
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Figure 7.3 Chromatogram generated from the Sanger Sequencing Method using 
the Chromas software program at the base sequence 162 a T-A 
heterozygous peak can be seen. 
7.3 Results and Discussion  
Molecular biology is a key element in predicting cancer formation in arsenic exposed 
populations. Single nucleotide polymorphisms or SNPs are targeted in the genetic code 
for locating susceptibility or resistance to cancer. SNPs in the promoter regions of IL2 
and TNF-a genes have been associated with changes in gene expression. These changes 
result in changes in biological function of the inflammation pathways, which lead to 
cancer and other disorders. 
In this study, arsenic concentration in urine was used in this study  as a marker of 
arsenic exposure and found that mean total arsenic concentration in urine from arsenic 
exposed individuals was significantly higher compared to the unexposed individuals. 
This data acted as a cross reference to understand the link between arsenic exposure and 
cancer expression  
Molecular biology is a key tool in predicting cancer development propensity in 
arsenic exposed individuals. Single nucleotide polymorphisms or SNP’s are target in the 
genetic code for locating susceptibility or resistance to cancer and other disease 
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outcomes. SNP’s have been associated with changes in gene expression, which are 
usually subtle, but might result in long term effects. Most often, a complex molecular 
cross-talk, arising out of the specific genetic composition of an individual results in the 
degree of susceptibility towards a toxicant, arsenic in this case. Thus, looking at different 
SNPs of several candidate genes and the cumulative effect of their different possible 
combinations is required to understand the molecular mechanism of development of 
arsenicosis. This study looked at the polymorphisms of a few candidate inflammatory 
pathways genes which might ultimately result in changes in biological function of the 
inflammation pathways, and subsequently lead to cancer and other disorders via a 
compromised immune system. 
7.4 Conclusion 
The study demonstrated that chronic arsenic exposure has a negative effect on the 
pro-inflammatory genes of the immune system IL1 (Interleukin 1), IL2 (Interleukin 2), 
and TNF-α (Tumor Necrotic Factor – Alpha) of the exposed individuals. These regions 
will continue to be investigated for the presence of SNP’s. It is hypothesized that the 
up/down regulation of these proteins is directly correlated with cancer formation and 
resistance in the arsenic exposed population. Further investigations must be carried out to 
clarify initial findings. 
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CHAPTER 8 
SUGGESTIONS FOR FUTURE WORK 
8.1 Introduction 
The exposure of a vast population to arsenic contamination in soil and water impels 
quantification and remediation of the threat; development of technologies; response by 
educators at all levels; and examination of the health consequences.  Further work is 
needed to improve field methods; find cheaper ways to analyze soils; improve test kits, 
making them easier to use and more accurate; expand the understanding of determination 
of arsenic with molybdenum blue chemistry;  develop educational programs designed to 
train future scientists and lay field testers; and expand understanding of the health 
consequences of arsenic exposure. 
8.2 Improved Field Methods 
8.2.1 Improvements in the Performance of the Gutzeit Method.  Determination of 
the Rate Limiting Step in Arsine Synthesis and its Reaction with Mercuric 
Bromide  
  
The principle characteristics to be improved in the determination of arsine with test 
strips impregnated with mercuric bromide are precision and accuracy. The target 
detection capability is on the order of 1 µg L-1, with reliable measurement being made in 
the 40-60 µg L-1 range. To increase reaction speed it is important to identify the rate-
determining step. 
The reaction vessel has a side arm for the introduction of sodium borohydride, a 
reducing agent that may allow for more efficient conversion of arsenic to arsine. The 
reaction vessel generates arsine gas which is swept out by argon into a detector. Further 
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experiments could determine the efficiency of conversion of As(III) to arsine gas with 
varied reagents and conditions. The detector could be an ICP-OES, instrument. 
8.2.2 Increasing Arsine Exposure to a Mercuric Bromide Test Strip using a Syringe  
Increasing the contact between the generated arsine and the test strip surface could 
improve the performance of the measurement of arsenic as a hydride. This apparatus 
would permit the operator to drag the arsine gas in the headspace of the reaction vessel 
through the mercuric bromide strip. A syringe could be attached to the top of the reaction 
vessel. The arsine in the head space could be forced or dragged through the test strip 
multiple times in order to increase the rate of color development.  If the analysis were 
performed in ten minutes with a detection limit of 5-10 µg L-1, the field kit would be a 
much more effective tool in the classroom and the field. 
There are several other variables that must be investigated. These include the volume 
of liquid in the reaction vessel, the recovery of additions of arsenic, the type of reducing 
agent, and finally the hydrodynamics of mixing (e.g. the effect of stirring). 
8.2.3 Quantification of Arsenic on the Test Strip  
Better color formation from a given mass of arsenic could result from better test 
strips. Following microwave-assisted digestion with 3 parts acid and 1 part hydrogen 
peroxide, by ICP-OES or ICP-MS, the composition of the surface of the strip after it has 
reacted with the arsine could be determined. 
8.2.4 Determination of Arsenic with Mercuric Bromide Impregnated on a Column 
of Support Material  
Arsine gas could be measured with a column of mercuric bromide impregnated 
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support material. Once generated, the arsine would pass through the headspace into a cap, 
which interfaces the reaction vessel and a graduated cylinder column that is filled with a 
mercuric bromide impregnated support material. The arsenic concentration could be 
quantified by measuring how far the color development travels up the column. The effect 
of the nature of the support material and mercuric bromide loading would be studied. 
8.3 The Improved Gutzeit Method in Soil Applications 
Another challenging area of environmental analysis is the measurement of arsenic in 
soils.  The application of pervaporation1 technology for the measurement of arsenic in 
soils offers a direction to explore. The composition of soil is a complex matrix of humic 
acid polymers and inorganic compounds which are potential interferents in any 
measurement.  Although arsenic can be extracted from soils, the procedure involves 
moderately high concentrations of acids and bases and is time consuming.   The 
generation of arsine directly from the soil slurry could be a suitable alternative method.  
Sodium borohydide, rather than zinc and acid could be directly introduced into the donor 
chamber. The generated hydride would travel through the membrane into an acceptor 
solution where a colorimetric reaction would take place. The colored solution would then 
be measured with a spectrophotometer. 
8.4 Exploration of the Use of Silver Nitrate in Field Kits 
Despite its age, the century old Gutzeit chemistry continues to be the driving force of 
the field kit reaction.  The simplicity of the reaction and reliable hydride generation make 
it a perfect reaction to use in field kits.  The problem lies in finding a reagent that 
consistently and visibly responses to the arsine gas formed.  Mercuric bromide is 
currently used in field kits today as the color-forming reagent, but this poses a few 
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problems.  One issue is the color formation of the mercuric bromide strips at 
concentrations below 20 µg L-1 is very poor and hardly visible; as a result, quantifying 
the results is practically impossible.  Another issue is the use and disposal of mercury.  
The goal was to find a reagent to resolve these issues and improve the methods of 
quantification. 
The idea of using silver nitrate as detecting reagent in the Guzeit method was 
introduced in Chapter 4.  The following ideas expand upon this research.  Guzteit and 
other scientists of his time originally knew that passing arsine gas through a silver nitrate 
solution, or over a silver nitrate crystal, would elicit a colored response.  However, silver 
nitrate was abandoned with time, and mercury salts were used as color changing reagents.  
When a silver nitrate solution was impregnated on a filter paper, similar to current field 
kits with mercuric bromide, it would elicit a colored response.  Through trial and error a 
solution was developed that was stable and responded to arsine gas with a linear 
calibration curve through 20 µg L-1.  Extremely good visible color formation developed 
at low concentrations of 2.5, 5 and 10 µg L-1.  This leads to several possible applications 
of the silver nitrate strip, as well and some possible alterations that could improve the 
color forming ability over a wider concentration range. 
If one were to leave the silver nitrate solution unchanged, this strip could be offered 
as a low range test strip in a kit that includes a mercuric bromide strip as well.  Another 
possibility is to include materials in the kit to do dilutions on the original solution.  So, if 
the strip reads greater than 20 µg L-1, than dilute until the strip produces a clear result.  
Both ideas could work to directly use this design in a field kit; however, more focus on 
testing the silver nitrate solution over a wider range appears more promising.  This could 
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be done since the strip is showing clear results at 2.5 µg L-1, lowering the concentration 
of silver nitrate used in the strip may allow the determination of higher concentrations of 
arsenic. 
The results displayed by the silver nitrate strip prove it to be a valid candidate for 
further research as it shows the ability to visibly quantify low concentrations (< 10 µg L-
1) of arsenic.  Investigating the time of exposure and concentration of silver nitrate on the 
strip are two factors that could be analyzed to optimize the color formation in response to 
arsine.  Testing this strip design on real water samples and analyzing the performance is 
an important step. Organic matter present in surface waters from sediment and 
microorganisms could also interfere with the reaction between arsine and silver nitrate. 
To further this research, quantification of the various interference effects on the silver 
nitrate strips is necessary to determine what quantity of lead acetate provided in the Hach 
kit is sufficient for field applications. 
Investigation of other known color forming reagents can offer further understanding 
of how to improve the test kits as well.  Mercuric bromide, silver nitrate, and this reagent 
are all good color forming reagents that can be researched.  Modifying the mercuric 
bromide strip with silver nitrate or auric chloride may offer a good combination of color 
forming abilities to improve test results. 
The nature of the product formed on the reaction strip is not completely understood.  
This is true for silver nitrate as well as mercuric bromide.  By understanding the reaction 
mechanism by which the product is formed, one could improve the test by finding an 
optimal surface material for the reaction to take place.  Research into this area would 
involve surface analysis of recently tested strips, as the color fades when exposed to light.  
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Techniques used to analyze the product could include electron microscopy and the use of 
an X-ray microprobe.  Other techniques such as X-ray photoelectron spectroscopy (XPS) 
or X-ray fluorescence (XRF) spectroscopy, can be used; however, sample preparation 
may be difficult since a solid is formed on the test strip. 
8.5 Further Determination of Arsenic with Molybdenum Blue Chemistry 
Investigations into the Kinetics of Reduction of Molydenum Blue by Ascorbic 
acid  
Ascorbic acid is a reducing agent which donates electrons to the molybdate 
molecules in the heteropoly acid polymer, and forms the blue color. In the “Dhar” 
method, ascorbic acid is present in the color forming reagent solution.  Procedures in 
which ascorbic acid is added at different times during the reaction could be evaluated.    
8.5.1 Using Liquid-liquid Extraction and Inductively Coupled Plasma- Optical 
Emission Spectrometry to Determine the Stoichiometry of the Molybdenum 
Blue Product 
It is not clear when the product is formed in the presence of phosphorus and/or 
antimony whether arsenomolybdate elements are incorporated into the 
heteropolymolybdate species formed.  An investigation of the composition of the 
products could be made.  The goal is to separate the heteropoly acids from the starting 
materials and then determine the stoichiometric ratios of the elements arsenic, 
phosphorus, and molybdenum by ICP-OES. These values would elucidate the 
compositions of heteropoly acids forming with arsenic, phosphate, and those of isopoly 
acids.  As a first step in this investigation, conditions which promote product extraction 
into organic solvents will be found. Depending on the solvent, it may be possible to 
determine the concentration of the relevant elements directly in the extract.  However, it 
is more likely that some back extraction clean-up steps will be needed (to remove excess 
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isopolyspecies) followed by back extraction of the desired product into an aqueous 
solution. 
8.5.2 Solid-Phase Extraction of Molybdenum Blue   
It is well known (and is confirmed by the results of preliminary experiments) that the 
molybdenum blue complex is capable of adhering to glass, most likely through Van der 
Waals interactions. This selective adsorption could be utilized by passing the reaction 
products through a column containing a silica-based material.  Following washing of 
excess reactants, the retained compound(s) would be eluted and the composition 
determined by ICP-OES.  Previous research found retention of the product on C-18 
material. This mode of extraction could also be investigated.  Retention on a solid-phase 
material could be evaluated for visual detection of arsenic: trapping and displaying color.  
8.5.3 The Electrochemical Reduction to form Molybdenum Blue 
There is evidence that the nature of the product depends on the reducing agent, as the 
absorbance spectra appear to be slightly different for different reducing agents.  The rate-
limiting step of the formation of the molybdenum blue polymer is the formation of the 
polymer. Limitations associated with the reduction step could be overcome by 
transferring the electrons from an electrode surface.  Various designs of electrode could 
be investigated both for batch and flow injection determinations.   Placing the working 
electrode in the light path of a spectrophotometer would allow for more immediate 
measurement. 
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8.5.4 Use of Multi-Cycle Alternating Variable Search to Optimize Reaction 
Conditions 
In recent versions of the procedure the molybdenum blue reagent solution contains 
four reagents: ammonium molybdate, antimony potassium tartrate, ascorbic acid and 
sulfuric acid. In addition, it appears that the reaction is catalyzed by phosphate, though 
further work must be performed to understand fully the role of phosphate in the reaction. 
A number of optimization strategies could be considered, to determine the optimal 
concentrations of reagents useful in various formulations of the molybdenum blue 
method including the multi-cycle alternating variable search procedure.2  The figure of 
merit to be optimized would  be the signal for a given concentration from either a 
spectrophotometer or an ICP-OES instrument.  However, it is recognized that as the goal 
is to improve the detection limits, consideration must also be given to the noise on the 
signal.  For batch procedures, it is assumed at this stage that factors affecting the noise 
are independent of factors affecting sensitivity; however, this may not be the case for 
flow injections systems. 
Many molybdenum blue methods include antimony potassium tartrate in the reagent 
formulation.  It is unclear what the role of antimony is. It is also unclear whether the 
tartrate has a role, or whether the same results would be obtained with other antimony 
salts.  The effects of different antimony salts could be evaluated as will the order of 
addition of the reagents. 
Initial studies into the HPLC separation of molybdenum blue heteropoly acid 
polymer, finding a mobile phase that is suited to this investigation  
So far, there does not appear to any report of genuine HPLC separation of the 
heteropoly acid species.  However, the chemistry has been used for post-column 
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derivatization of anions separated by HPLC. 
Haberer and Brandes3,4 developed a modified high performance liquid 
chromatography (HPLC) method for the measurement of phosphate in marine and 
freshwater samples. They first formed the molybdenum blue, which was then absorbed 
by the non-polar stationary phase.  After separation of matrix components, the 
molybdenum blue was eluted with acetone. Their method responded linearly from 1 nM 
to 100 µM with sample volumes from 10 µl to 10 mL.  The procedure is probably better 
described as solid-phase extraction than HPLC.  A key feature of the possible separation 
of molybdenum blue species by HPLC is the acid concentration needed to form the 
polymer.  This is likely to damage the non-polar stationary phase. 
8.5.5 Naked-Eye Determination of Arsenic with the Molybdenum Blue method 
In the research area of naked-eye determination of arsenic there is only one 
publication.  Matsunaga et al.5 determined arsenic with a molybdenum-loaded chelating 
resin. As the arsenic(V) passed through the resin, a color was produced that directly 
related to the arsenic concentration. They found color development required 20 minutes 
at 40 °C.  Their detection limits were 1 x 10-6 mol L-1 at shorter development times and 1 
x 10-7 at longer development times. Further selection of solid phase resins combined with 
solution conditions could be investigated. 
8.5.6 Complex Investigations into the Structure of Molybdenum Blue with X-Ray 
Crystallography 
One explanation for the variation in the results obtained for the application of the 
molybdenum blue reaction is that a variety of products are formed, differing only in 
structure, rather than overall composition.  One possible way of investigating this 
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hypothesis is to produce crystals for analysis by X-ray diffraction.  Attempts could be 
made to crystallize the heteropoly species from various solvents for X-ray analysis. 
8.6  Chemical Education and Field Portable Methods 
As educators adopt inquiry based learning in U.S. classrooms, science curriculum 
units which explore remediation of contaminents, use of field portable devices and field 
test kits can expose students to practical applications and spark interest in science.  
Through these experiences students can develop an understanding of the scientific 
method, the necessity of systematic application of it and of careful record keeping.    
These instructional materials can offer  broader use in training field testers of 
contaminents in developing countries. 
8.7 Cancer Prediction through the Determination of Single Nucleotide 
Polymorphisms in DNA of Arsenic Exposed Individuals 
Work continues on the discovery process for SNP determination as arsenic exposed 
individuals are followed in long term studies. 
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